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FOREWORD 
Tne work described here in  was performed f o r  the  National Aeronautics 
and Space Administration under Contract NAS 3-11828, John A, Milko of 
L e w i s  Research Center was the  NASA Technical Manager. 
The program was administered fo r  the  General E l e c t r i c  Company by 
E. E,  Hoffman w i t h  T. F. Lyon the program manager. The test system was 
designed by J, Holowach, and W. H. Bennethum contr ibuted t o  test  in s t ru -  
mentation. S. T. Burklm assembled the  system and conducted t h e  tests 
under the  supervis ion of J. C. Amos. Mater ia l s  eva lua t ion  was performed 
by G, P. Brandenburg. W. R. Young and P. A. Blanz a s s i s t ed  i n  welding 
aspects  of the  program. R. W. Harrison contr ibuted t o  the conceptual 
design of t he  experiments and cont inua l ly  l e n t  advice and ass i s tance .  
x i i i  

ABSTRACT 
Res i s t ive ly  heated s t r i p  specimens of Cb-1Zr a l l oy  were exposed 
a t  1700°F (927OC) i n  a vacuum chamber a t  var ious l e v e l s  of t o t a l  p ressure  
i n  the  los6 torr range. 
in-leakage of a i r .  Oxygen reacted r ap id ly  wi th  Cb-1Zr a l loy  under these  
condi t ions and f i n a l  oxygen content of t he  specimens was between 4000 
Pressure l e v e l s  were maintained by cont ro l led  
and 9000 ppm f o r  exposure times between 200 and 500 hoursc Oxygen s t i c k i n g  
p r o b a b i l i t i e s  were found t o  depend on whether or not  t h e  specimens were 
annealed immediately before  %he test exposure. Tnese resu l t s  i n d i c a t e  
t h a t  a normally undetectable  oxide f i l m  e x i s t s  on the  Cb-1Zr sur face  a s  
a result of oxidat ion by ambient a i r ,  and causes t h e  s t i c k i n g  p robab i l i t y  
t o  be lower than on the  clean metal sur face .  S t ick ing  p r o b a b i l i t i e s  ranged 
from 0.65 on the  clean sur face  t o  0.16 on the  sur face  with the  oxide f i lm.  
Mechanical tests of t h e  contaminated ma te r i a l  showed t h a t  Cb-1Zr a l loy  i s  
considerably strengthened by homogeneous addi t ion  of oxygen t o  an oxygen 
l e v e l  of about 6000 ppm, while s t i l l  maintaining reasonably good room 
temperature d u c t i l i t y .  A t  h igher  oxygen leve ls ,  t h e  d u c t i l i t y  decreased 
markedly w i t h  l i t t l e  add i t iona l  increase  i n  s t r eng th .  Welded and annealed 
Cb-1Zr i s  considerably more s e n s i t i v e  t o  oxygen contamination. The w e l d  
metal is  b r i t t l e  a f t e r  homogeneous addi t ion  of 4300 ppm oxygen. 
xv 
I, INTRODUCTION 
Refractory metal a l loys  a re  known t o  be r eac t ive  with atmospheric 
cons t i t uen t s  a t  e levated temperatures. In  vacuum systems, even under 
what i s  usua l ly  considered high-vacuum condi t ions,  r e s idua l  gases tend 
t o  r eac t  w i t h  these  a l loys .  The contamination r e s u l t i n g  from such 
reac t ions  can cause de l e t e r ious  changes i n  the  mechanical p rope r t i e s  of 
the  a l loy  and, i n  the  case of severe Contamination, could cause premature 
f a i l u r e  of a sys t em or component under long-duration, high-temperature 
t e s t  condi t ions.  A knowledge of these r eac t ion  r a t e s  and the  e f f e c t s  
on mechanical p rope r t i e s  i s  thus  required i n  order  t o  e s t a b l i s h  the  
environmental condi t ions necessary f o r  long-term t e s t i n g  of r e f r ac to ry  
a l loy  components or systems a t  e levated temperatures, 
19 11 
T e s t s  of r e f r ac to ry  a l loy  samples and small  components a re  genera l ly  
performed i n  vacuum chambers of moderate s i z e  (up t o  about 1000 cubic 
f e e t ) .  Due t o  t h e  necess i ty  f o r  minimizing contamination from res idua l  
gases, these  systems a r e  usua l ly  ge t te r - ion  pumped and contain all-metal  
s e a l s .  Such systems can maintain pressures  of about 1 x 10 t o r r  f o r  
test durat ions of 10,000 hours or longer, with the test  a r t i c l e  a t  e levated 
temperatures. Such t o t a l  pressures  have been shown t o  be adequate 
i n  preventing appreciable  contamination of r e f r ac to ry  metals, even with 
systems containing a l k a l i  metals. For t e s t i n g  fu l l - sca l e  systems, these  
ultrahigh-vacuum techniques may be impract ical ,  s ince  t h e  chamber volume 
may be as  la rge  a s  one mi l l ion  cubic feet. I n  such test chambers, o i l  
d i f fus ion  pumps and elastomeric  s e a l s  a r e  used because of p r a c t i c a l  
considerat ions.  Outgassing of mater ia l s  of construct ion,  in-leakage of 
a i r ,  and backstreaming of o i l  from the  d i f fus ion  pJmps might l i m i t  the  
-6 vacuum t o  t o t a l  p ressures  i n  the  10 torr range. Under these  condi t ions,  
excessive contamination of high-temperature, r e f r ac to ry  a l loy  components 
might be expected during long-duration t e s t i n g .  
-8 
The present  program was formulated t o  determine the  ex ten t  of con- 
tamination of Cb-1Zr a l l oy  when exposed t o  vacuum condi t ions s imulat ing 
those an t ic ipa ted  i n  a large,  diffusion-pumped, elastomeric-sealed 
systemo In  addi t ion,  t he  e f f e c t s  of such contamination on the  mechanical 
1 
prope r t i e s  of t h e  a l loy  were t o  be inves t iga ted .  The r e s u l t s  of t h i s  
program were intended for  appl ica t ion  t o  the proposed t e s t i n g  of t h e  Brayton 
Cycle Solar  Heat Receiver i n  the Space Power F a c i l i t y  test  chanber a t  
Plum Brook Sta t ion ,  Ohio. In  order t o  s imulate  t h e  heat  r ece ive r  con- 
d i t i ons ,  a bellows capsule,  f i l l e d  wi th  l i th ium f luo r ide ,  was intended t o  
undergo cyc l ing  from 1500°F t o  1700°F (816OC t o  927OC) dup l i ca t ing  the  
c y c l i c  hea t ing  condi t ions of the  heat  s torage  tubes i n  the heat  rece iver .  
In  order t o  obta in  specimens s u i t a b l e  for  mechanical property t e s t i n g ,  
two r e s i t i v e l y  heated shee t  specimens were t o  have been exposed simultaneously 
u n d e r  isothermal condi t ions a t  1700OF (927OC). 
The test exposure condi t ions f o r  t h e  bel lows capsule placed severe 
r e s t r i c t i o n s  on the hea t ing  system for the capsule.  Since the capsule  
had t o  be exposed t o  t he  chamber environment, no thermal sh i e ld ing  could 
be employed around the  capsule,  and the heat  source had t o  be located 
some d is tance  from the  capsuxe. In  addi t ion,  the  test condi t ions  required 
t h e  use of ma te r i a l s  i n  the  hea t ing  system which would not  r eac t  with the 
environmental gases wi th in  the  chamber and thus modify the  gas composi- 
t i on .  A capsule hea t ing  system was designed and evaluated t o  meet these  
requirements. T h i s  system consis ted of a c y l i n d r i c a l  a r ray  of f i f t e e n  
quartz  lamps with aluminum r e f l e c t o r s .  It was found t h a t ,  even a f t e r  
s eve ra l  modifications t o  t h i s  hea t ing  system, t h e  capsule heat  f l u x  
requirements could not be m e t  without applying excessive power t o  the  
lamps which resu l ted  i n  premature lamp f a i l u r e .  
Because of these  d i f f i c u l t i e s  w i t h  the capsule  hea t ing  system, and t h e  
change i n  NASA requirements, t he  con t r ac t  was modified t o  exclude t e s t i n g  
of the  bellows capsules.  This repor t  describes the test  exposures of 
t h e  contaminated specimens, Four separa te  test exposures were conducted 
producing seven f l a t  sheet specimens with var ious l e v e l s  of oxygen con- 
tamination, The exposures were conducted a t  var ious vacuum chamber t o t a l  
pressures  obtained by control led in-leakage of a i r .  From chamber p a r t i a l  
pressure analyses performed w i t h  a mass spectrometer, oxygen r eac t ion  
r a t e s  were ca lcu la ted  during the exposure. The o v e r a l l  e f f e c t i v e  oxygen 
r eac t ion  r a t e  was obtained from p o s t t e s t  chemical analyses of the speci-  
mens, Evaluation includes chemical, metallographic,  and X-ray d i f f r a c t i o n  
2 
alzalyses, along with tensile, stress-rupture, and bend transition 
temperature determination on selected samples of the contaminated 
s p e c i m a s .  
A description of the design and performance of the capsule heating 
system i s  given in an appendix. 
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A. Vacuum System 
i n  Figure 1)  capable of operat ing i n  t h e  loo9 t o r r  range. 
cons i s t s  of a 48-inch-(le22-meter) diameter by 96-inch-(2.44-meter) high 
movable b e l l  j a r  with a f ixed 30-inch-(Oe76-meter) deep lower sump 
sec t ion .  The chamber i s  constructed of Type 304 s t a i n l e s s  steel. The 
b e l l  j a r  and lower sump sec t ion  a re  joined by a f lange  t h a t  incorporates  
two concentr ic  bu ty l  rubber O-rings with an evacuation groove between t h e  
O-rings t o  minimize in-leakage f o r  ultrahigh-vacuum operation. A l l  
o the r  f langes  on the  chamber a r e  standard ultrahigh-vacuum type sealed 
w i t h  copper gaskets ,  The lower sump sec t ion  contains  the  instrumentat ion 
and e l e c t r i c a l  power feedthroughs, a 10-inch-(25.4-cm) diameter pumping 
por t ,  and severa l  aux i l i a ry  flanged penet ra t ions .  The e n t i r e  chamber 
i s  insu la ted  and equipped with e l e c t r i c a l  hea t e r s  t o  bake out  t h e  chamber 
t o  503'F (260'C). 
and a re  capable of removing up t o  100 kw of hea t  during test operat ions.  
The s t r i p  test exposures were conducted i n  a vacuum chamber (shown 
The chamber 
Water cooling c o i l s  a r e  w e l d e d  t o  the  chamber wal l  
The vacuum chamber pumping system cons i s t s  of a 10-inch o i l  d i f fus ion  
pump (NRC model HS 10-4200) with ra ted  pumping speed of 4200 l i ters per  
second with DC-705 s i l i c o n e  o i l  a s  t he  working f l u i d .  Backstreaming of 
o i l  vapors from t h e  d i f fus ion  pump is minimized by a l iquid-nitrogen- 
cooled c i r c u l a r  chevron c o l d  t r a p  (NRC type 0315-10). A second b a f f l e  
(NRC type 0314-10) i s  water cooled and located d i r e c t l y  above the  d i f fus ion  
pump. The d i f fus ion  pump i s  backed by a 46-cfm (22-liters-per-second) 
mechanical pump. A 15-cfm (7-liters-per-second) mechanical pump i s  used 
t o  evacuate the  annular groove between the  t w o  O-rings i n  the  main 
f lange e 
As required by t h e  con t r ac t ,  t h i s  bas ic  vacuum system was modified 
by addi t ion  of a ca l ib ra t ed  ion iza t ion  gauge (GE Model 22GT1151, a mass 
spectrometer (GE Model 22PT180), a va r i ab le  leak valve (Granvi l le-Phi l l ips  
No. 203-001-02-011-031), and a d i f fus ion  pump t h r o t t  e mechanism t o  vary 
the  e f f e c t i v e  pumping speed of the  d i f fus ion  pump. This mechanism c o n s i s t s  
of a s t a i n l e s s  steel d i sk  attached t o  a s h a f t  which i s  i n  tu rn  attached 
5 
t 
Figure 1, Vacuum System for Thermal Vacuum Tests. The Chamber i s  4 Fee t  
i n  Diameter and 10 Feet  High and i s  Evacuated by a 10-Inch O i l  
Diffusion Pump with Liquid Nitrogen Trap, (C2012925) 
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t o  a magnetically operated,  ro t a ry  feedthrough (Varian Model 954-5026). 
The d i s k  i s  so  located i n  the  d i f fus ion  pump duct t h a t  it e f f e c t i v e l y  
blocks the  duct when posi t ioned perpendicular t o  the  duct ax is ,  and 
allows f u l l  duct conductance when posi t ioned p a r a l l e l  t o  the  axis .  The 
purpose of t h i s  d i f fus ion  pump t h r o t t l e  was t o  permit changes i n  gas 
composition wi th in  t h e  chamber by varying the  a i r  in-leakage r a t e  and 
t h e  e f f e c t i v e  pumping speed, while maintaining constant t o t a l  pressure.  
A f t e r  cons t ruc t ion  and i n i t i a l  checkout of t h e  t h r o t t l e  mechanism, i t  
was found t h a t  such manipulations added considerably to t he  complexity 
of t h e  tests, so t h a t  a l l  test exposures were performed with t h e  t h r o t t l e  
i n  the  f u l l  open pos i t i on  giving maximum e f f e c t i v e  pumping speed. Tile 
test exposures were thus  conducted i n  an atmosphere of normal a i r  com- 
02, Ar) with less than 1 percent  of t he  t o t a l  pressure due 2’ ponents (N 
t o  o ther  gases (H H 0, C02, e t c . ) .  2’ 2 
The chamber t o t a l  pressure was adjusted by varying the  a i r  flow r a t e  
i n t o  the  chamber with the  va r i ab le  leak valve. In  order  t o  assure  constant 
i n l e t  composition throughout the  tests, the  contaminating a i r  was with- 
drawn from a cy l inder  of dry a i r  coniiected t o  t h e  i n l e t  of t he  va r i ab le  
leak valve.  Care was taken t o  prevent d i r e c t  impingement of incoming 
a i r  on t h e  tes t  specimens. Uniform d i s t r i b u t i o n  of t he  a i r  was obtained 
by d i r e c t i n g  a por t ion  of t he  a i r  t o  t he  top of t he  chamber and the  
remainder t o  t h e  bottom. 
B. Power Control and Instrumentation of Specimens 
Power f o r  each of two s t r i p  specimens was supplied by a s t e p l e s s  
c o n t r o l l e r  which u t i l i z e s  a s i l i con-cont ro l led  r e c t i f i e r  (SCR). The 
basic  components of the  power c i r c u i t  a r e  shown i n  Figure 2. The Output 
voltage from each SCR u n i t  (West Instrument Corporation Model PSCR-60-240) 
i s  stepped down by a 10-kva transformer t o  provide approximately 10 v o l t s  
a t  900 amperes 
The SCR u n i t s  may be operated i n  e i t h e r  an automatic or manual mode 
by means of a d i g i t a l  set point  un i t  (West Instrument Corporation Model 
JYSCR), I n  the  automatic mode, a con t ro l  cur ren t  i s  generated which i s  
proport ional  t o  t he  d i f fe rence  between a preselected m i l l i v o l t  l e v e l  and 
the  output from a strip-mounted thermocouple. This con t ro l  cur ren t  i s  
7 
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440V 
Figure 2. Str ip  Specimen wer and Control Circuit. 
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fed t o  the  SCR u n i t  and causes an appropriate  increase  or decrease i n  
current  t o  the  s t r i p  specimen. 
An automatic over-temperature t r i p  c i r c u i t  is  provided t o  p ro tec t  
each of the  s t r i p  specimens i n  case of con t ro l  c i r c u i t  malfunction. A 
separa te  strip-mounted thermocouple d r i v e s  a meter r e l a y  with a high 
s e t  point  which may be adjusted to  any d e s i r e d  value. The meter r e l ay  
i s  connected t o  t h e  contactor-holding c o i l  and causes the  contactor  to  
open i f  t r ipped  by an over-temperature ind ica t ion  from e i t h e r  s t r i p .  
Current and vol tage meters are provided t o  monitor s t r i p  power input .  
Thermocouple c i r c u i t s  i n s ide  the  vacuum chamber cons i s t  of 
W-3Re/W-25Re wires (0.005-inch-diameter) s t rung  through 99.5 percent  
alumina i n s u l a t o r s  with junc t ions  formed by spot  welding the  ind iv idua l  
w i r e s  t o  t h e  poin t  a t  which temperature is  t o  be measured. The a l loy  
leads a r e  joined t o  e x i s t i n g  copper l eads  a t  t e rmina l  s t r i p s  wi th in  
the  vacuum chamber, and t h e  copper l eads  a r e  connected t o  the  readout 
instruments i n  t h e  con t ro l  room. Since the  a l loy  wire-to-copper lead 
t r a n s i t i o n  point  i s  the  reference junct ion,  copper-constantan thermo- 
couples referenced t o  an i c e  bath a re  used to  measure the  i n t e r n a l  
terminal  s t r i p  temperatures. Thermocouple EMF i s  measured by a prec is ion  
m i l l i v o l t  ind ica tor .  I n  addi t ion,  thermocouple EMF was continuously 
monitored by s t r i p  cha r t  recorders.  The con t ro l  console i s  shown i n  
Figure 3, 
The s t r i p  specimens were 26 inches (66 cm)  long, 1 inch (2.5 cm) 
wide, and 0.030 inch (0.076 cm) th ick .  Electrodes of Cb-1Zr a l loy ,  
6 inches long, 1 inch wide, and 0.25 inch th i ck  were we lded  t o  each end 
of each specimen. Two s t r i p  specimens, mounted i n  the  chamber, a r e  
shown i n  Figure 4 p r i o r  t o  s t r i p  test No. 4. The specimen on the  l e f t  
contains  a fu l l - length  GTA weld  a t  t he  mid-point of i t s  width. Eight 
thermocouples are mounted a t  var ious pos i t i ons  along the length of 
each s t r i p .  
C. Ioniza t ion  Gauge Cal ibra t ion  
Tie  d a t a  ana lys i s  procedures ( t o  be discussed i n  Sect ion 
t h i s  r epor t )  required r e l i a b l e  information concerning ion iza t ion  gauge 
9 
Figure 3. Control Console. (P68-11-33C) 
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S t r i p  
Figure 4, Two S t r i p  Specimens Mounted i n  Chamber Prior t o  Str ip  T e s t  
Exposure No. 4. 
GTA Weld. (P70-2-1B) 
Specimen on L e f t  Contains a Full-Length 
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s e n s i t i v i t y ,  s ince  a primary test  parameter i s  the  oxygen p a r t i a l  p ressure  
obtained from t h e  ion iza t ion  gauge reading and t h e  mass s p e c t r a l  data .  
A number of i n q u i r i e s  sent t o  var ious vendors disclosed t h a t  few a re  
w i l l i n g  and able  t o  perform c a l i b r a t i o n  of ion iza t ion  gauges. Two 
i on iza t ion  gauge tubes (GE Model 22GT 115) were o r i g i n a l l y  purchased 
f o r  use on t h i s  cont rac t .  Both these  gauge tubes were ca l ib ra t ed  by 
the  vendor before de l ivery .  Ca l ib ra t ion  was performed by comparison with 
a McLeod gauge i n  the  range 10 to r r  f o r  both oxygen and ni t rogen.  One 
of these gauge tubes (No. 3) was used f o r  t h e  f i r s t  s t r i p  specimen test 
exposure. The o the r  gauge tube (No. 2) was used f o r  t he  f i n a l  t h r e e  
s t r i p  specimen test  exposures. 
examination of the  gauge tube elements revealed some discolora t ion .  
Gauge tube No. 2 was then r eca l ib ra t ed .  This c a l i b r a t i o n  was performed 
(by The Fredericks Company, Huntingdon Valley, Pennsylvania) f o r  n i t rogen  
and oxygen by comparison with a McLeod gauge i n  the  range t o  
t o r r .  To ta l  p ressures  f o r  the  f i n a l  t h ree  test  exposures were wi th in  t h i s  
range. 
-5 
Following the  f i n a l  test exposure, 
Tie r e s u l t s  of t hese  c a l i b r a t i o n s  a re  given i n  Table I where the  
ion iza t ion  gauge s e n s i t i v i t y  i s  given f o r  each gauge tube and for each 
gas. 
defined a s  
The ioniza t ion  gauge s e n s i t i v i t y ,  sig(x), for  a pure gas x i s  
where I (x) i s  the  pos i t i ve  ion  cur ren t  obtained a t  a pressure  P(x) with 
e l ec t ron  emission cur ren t  i In a l l  tests and ca l ib ra t ions ,  t h e  emission 
-3 curren t  was maintained a t  1.0 x 10 amp using gauge fi lament No. 2 
(thoria-coated iridium). The same con t ro l  (GE Model 22GC101) was used 
f o r  a l l  tests and ca l ib ra t ions .  
i g  
i g '  
The agreement between the  p r e t e s t  and p o s t t e s t  c a l i b r a t i o n  of gauge 
tube No. 2 ind ica t e s  t h a t  no se r ious  change i n  s e n s i t i v i t y  occurred during 
the  tests. ASTM[ Standard E297-66T9 Cal ibra t ing  Ioniza t ion  Vacuum Gauge VI 
12 
-4 Tubes "(') quotes an accuracy of rt 20 percent  of reading  from 10 t o  
t o r r  us ing  t h e  standard technique, 
Using t h e  c a l i b r a t i o n  r e s u l t s  shown i n  Table I, t h e  i o n i z a t i o n  
gauge s e n s i t i v i t i e s  required for c a l c u l a t i o n  of p a r t i a l  p ressures  were 
obtained. These r e s u l t s  a r e  shown i n  Table 11. For gauge tube N o .  2, 
oxygen and n i t rogen  s e n s i t i v i t y  l i s t e d  i n  Table I1 a r e  t h e  average of 
t h e  p r e t e s t  and p o s t t e s t  values from Table I. S e n s i t i v i t i e s  f o r  o t h e r  
gases were obtained f r o m  t h e  n i t rogen  s e n s i t i v i t y  and t h e  s e n s i t i v i t y  
r e l a t i v e  t o  n i t rogen  which was obtained from selected l i t e r a t u r e  
sources. I t  should be noted t h a t  ca l cu la t ed  p a r t i a l  p ressures  depend 
mainly on t h e  value of n i t rogen  s e n s i t i v i t y  a s  w i l l  be seen i n  Sec t ion  
I11 of t h i s  r epor t .  This  i s  due t o  the  f a c t  t h a t ,  dur ing  t h e  test 
exposures, t h e  gas i n  t h e  chamber Was 90 t o  95 percent n i t rogen .  Sensi- 
t i v i t y  values used f o r  H2, H 0, and CO 2 2 
p a r t i a l  p ressures  s ince  t h e i r  combined t o t a l  was t y p i c a l l y  less than  
1 percent of t h e  t o t a l  p ressure .  
had l i t t l e  e f f e c t  on ca lcu la ted  
D. Pumping Speed Measurements 
The vacuilm system pumping speed is  an important f a c t o r  i n  t h e  
mater ia l s  contamination tests, s ince ,  f o r  a given t o t a l  pressure,  t h e  
p a r t i a l  p ressure  of ac t ive"  gas spec ie s  w i l l  depend upon t h e  ra te  of 
gas removal by t he  pumps r e l a t i v e  t o  t h e  r a t e  of r e a c t i o n  of t h e  
gases wi th  t h e  ma te r i a l  sur face .  Thus for t he  p re sen t  tests, i n  which 
a i r  w a s  admitted t o  t h e  chamber, t h e  oxygen r e a c t i o n  r a t e  may be ca l cu la t ed  
from t h e  gas composition wi th in  the  chamber provided t h a t  the  s y s t e m  
pumping speed i s  known. This c a l c u l a t i o n  i s  shown i n  Section I11 of 
t h i s  r epor t .  
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??  ac t ive"  
The method i n i t i a l l y  u s e d  f o r  t he  pumping speed determinations i s  
based on a r a t e  of pressure  
The bas i c  equation f o r  
PS 
f 7 \  
( 2) change measurement. 
t h e  pressure  i n  a vacuum system i s  
dP 
d t  0 
= - V -  + Q + 
1968 Book of ASTM Standards, P a r t  30, General Tes t ing  Methods, 
American Society f o r  Tes t ing  and Mater ia l s ,  Phi lade lphia  (1968). 
\ 11 
(2) Van Atta,  C ,  M., Vacuum Science and Engineering, McGraw-Hill Book 
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Company (1965) 
TABLE I 
RESULTS OF IONIZATION GAUGE CALIBRATION 
Pretest Post tes t 
Calibration Calibration 
%g -i g 
Gauge 
Tube (torr-l) s (torrs1) Gas -
9.2 - 
8.4 - 
N2 
O2 
No. 3 
No. 3 
N2 
*2 
No. 2 
No. 2 
8.1 10.0 
7.7 9,o 
TABLE I1 
IONIZATION GAUGE SENSITIVITY 
Gas -
H2 
H2° 
N2 
O2 
Gauge Tube No. 3 
Ar 
H2 
H2° 
N2 
O2 
cQ2 
Gauge Tube No. 2 
Ar 
Sensitivity 
Relative to N Sensitivity 
s (x)/s (N ? s (x>(torr-l) - i f g g i r 2 -  -ig 
0.42 
0.89 
1.56 
1.37 
0.42 
0.89 
1.56 
1.37 
3.9 
8.2 
.9.2 
8.4 
14.4 
12.6 
3.8 
8.1 
9.1 
8.4 
14.2 
12.5 
14 
, 
i n  which P i s  t h e  pressure  i n  the  system, S is t h e  pumping speed, V is  
t h e  volume of t he  system, Q i s  the  throughput of gas flowing i n t o  the  
system (from an e x t e r n a l  source),  and Q 
i n t e r i o r  sur face  outgassing. 
system eventua l ly  reaches a s t a b l e  pressure  r e fe r r ed  t o  a s  the  u l t ima te  
pressure , 
becomes 
is  t h e  gas flow due  t o  
0 
With no gas flowing i n t o  the  system, the  
dP 
d t  
of t h e  system. Thus if Q = 0 and - = 0, equation (2) 
PoS = Qo 
Now if the  pressure  i n  the  system i s  g r e a t e r  than the  u l t imate  
p r e s s u r e  and no gas flovs i n t o  t h e  system, then combining equat ions 
(3) and (2) and s e t t i n g  Q .= 0, w e  ob ta in  
dP 
P - Po d t  I 
V s = -  4) 
Thus i f  V and P a r e  known, t h e  pumping speed may be ca lcu la ted  from the  
pressure decrease a s  a funct ion of t i m e .  A more convenient expression 
i s  obtained by in t eg ra t ion  of equation (4) t o  obta in  
8 
P, - : V P 
The procedure used was t o  pump down and bake out the  system t o  obta in  
of about 3 x loL'' t o r r .  a s t a b l e  base pressure,  Nitrogen was then 
a d m i t t e d  through the  leak  valve a t  such a r a t e  a s  t o  br ing the  chamber 
pressure i n t o  the  10 torr range, "he leak valve was then r ap id ly  
closed and pressure a s  a funct ion of t i m e  was obtained by monitoring t h e  
ion iza t ion  gauge pressure  reading on a s t r i p  cha r t  recorder. 
-6 
Data.from a t y p i c a l  run a re  shown i n  Figure 5 where log (P - Po) 10 
is p lo t t ed  aga ins t  t i m e .  This p a r t i c u l a r  run was made with the  d i f fus ion  
pump th ro t t l e  closed g iv ing  minimum pumping speed. The ca lcu la ted  
pumping speed is  239 l i ters per  second. 
Some da ta  were a l s o  obtained with the  d i f fus ion  pump t h r o t t l e  open 
giving maximum pumping speed. However, t he  r a t e  of pressure change was 
too  rapid t o  give a r e l i a b l e  pumping speed under these  condi t ions.  A 
second method, giving r e l a t i v e  pumping speed, was then used  to  obta in  
15 
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Figure 5. Typical Data for Pumping Speed Measurement by the Rate of 
Pressure Change Method. 
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A 
pumping speed a t  var ious o r i e n t a t i o n s  of t he  t h r o t t l e  p l a t e .  With the  
rot t le  closed, t h e  pressure  was s t a b i l i z e d  i n  the  10 t o r r  range by 
admission of n i t rogen  through the  leak  valve. Under these  condi t ions,  
-6 
i s  negl ig ib le ,  and equation (2) becomes simply 
QO 
I f  t he  t h r o t t l e  i s  then set a t  a d i f f e r e n t  pos i t i on  while maintaining a 
constant f l o w ,  a second s t a b l e  pressure,  P2, is obtained such t h a t  
PISl = P2S2 e ( 7 )  
Since S 
obtained from equation ( 7 )  by measurement of P 
these  i n i t i a l  pumping speed measurements a r e  shown i n  Figure 6 where 
pumping speed is  p lo t t ed  against  o r i e n t a t i o n  of t h e  t h r o t t l e  p l a t e .  
had been found from the  r a t e  of pressure  change method, S2 i s  1 
and P2. The r e s u l t s  of 1 
Following these  measurements, f o r  reasons mentioned previously,  it 
was decided t h a t  the  tes t  exposures would be conducted with t h e  pump 
t h r o t t l e  open. Under these  condi t ions,  it was found t h a t  the  r a t e  of 
pressure change was too rapid t o  be r e l i a b l y  measured by t h i s  technique 
A method u t i l i z i n g  measured gas flow r a t e  i n t o  t h e  chamber was then 
employed. Except f o r  t h e  method of gas admission i n t o  the  chamber and 
the  ion iza t ion  gauge loca t ion ,  the  method is  e s s e n t i a l l y  the  same as  t h a t  
described i n  ASTM E-294-67", E f fec t ive  Pumping Speed of Vacuum Chamber 
Sys tems e "(') 
and then a i r  was admitted a t  a measured flow r a t e ,  Q, r e s u l t i n g  i n  a s t a b l e  
pressure,  P. The pumping speed was then ca lcu la ted  from the  equation 
I? 
The chamber was f i r s t  pumped t o  the  u l t imate  pressure  P 
0 
Q 
(P - Po) s =  
For the  a i r  flow r a t e  measurements, a simple constant  pressure  displace-  
ment meter was constructed using a 10-cc p ipe t  inverted i n  a beaker of 
De-704 d i f fus ion  pump f l u i d .  This type of meter i s  described i n  ASTM 
F-295-67T. (2) 
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Figure 6 ,  Pumping Speed ( for  Nitrogen) Versus Throttle Orientation, 
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Pumping speed was measured before and a f t e r  each s t r i p  specimen 
test exposure. A summary of t h e  r e s u l t s  of a l l  pumping speed measurements 
i s  given i n  Table 111. The p r e t e s t  value €or test No. 1 i s  obtained from 
the  r a t e  of pressure  change measurements shown i n  Figure 6. I n  test 
No.  4., t h e  t o t a l  a i r  f l o w  during the  test was measured ( a s  w i l l  be 
described l a t e r )  and the  pumping speed was obtained from the  average 
n i t rogen  flow r a t e  and average n i t rogen  p a r t i a l  pressure.  
Values given i n  Table 111 show f a i r l y  cons i s t en t  pumping speeds 
except fo r  the  f i r s t  test i n  which t h e  pumping speed was about one-half 
the  value measured i n  the  l a t e r  tests. I t  should be noted t h a t  an 
i n t e r v a l  of about 12 months elapsed between t h e  conclusion of t h e  f i r s t  
test  and the  s t a r t  of t he  second test. During t h i s  period, eva lua t ion  
of the  lamp system performance was being made. No changes i n  t h e  
system can be d e f i n i t e l y  iden t i f i ed  which would cause t h i s  l a rge  increase  
i n  pmping speed. However, it has been es tab l i shed  t h a t  some changes 
were made i n  the cool ing water system which could have a f fec ted  the  
water flow t o  the d i f fus ion  pump. The higher  values  f o r  pumping speed 
obtained f o r  t he  l a s t  t h ree  tests a r e  i n  good agreement with the  system 
pumping speed ca lcu la ted  from the  ra ted  d i f fus ion  pump speed (4200 l/sec), 
the  conductance of t he  cold t r a p  (3000 l/sec) and t h e  conductance of 
t he  water-cooled b a f f l e  (2100 l / sec) .  The n e t  speed thus  ca lcu la ted  i s  
955 l/sec. 
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SUMMARY OF PUMPING SPEED IMEASURENENTS 
* 
%(torr) P ( t o r r )  Q( torr l/sec) S( l/sec) 
Before T e s t  No. 1 481 See Note 1 '*, 
345 
Aver age 413 
-Afte r  T e s t  No. 1 2 x POw8 8.7 x 3.00 
3.75 lom3 753 -8 Before T e s t  No. 2 1.5 x 10 
-9 
Af te r  T e s t  No. 2 4 x 10- 
5.0 x lom6 
5.33 x 
Aver age 793 
833 4.44 low3 -
3.32 957 
835 
Aver age 896 
-8 
Before T e s t  No. 3 4.2 x 10 3.51 x 
-Afte r  T e s t  No. 3 1 x lo-' 3.46 x 2.88 
-3 
Before T e s t  No. 4 1 x lo-' 3.30 x 2.80 x 10 851 
-3 
Af ter  T e s t  No. 4 1 x lo-' 2.79 x low6 2.34 x 10 841 See Note 2 
Aver age 846 
Note 1: From Figure 6 t h r o t t l e  angle  0 degrees.  A l l  tests were 
made with t h r o t t l e  f u l l  open, 
Note 2: Obtained from average N p a r t i a l  p ressure  dur ing  test No. 4. 2 
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111. DATA AN SIS PROCEDURES 
A. P a r t i a l  Pressures  f r o m  Mass Spec t ra l  Data 
The mass spectrometer used i n  these  tests was a General E l e c t r i c  
Company Monopole 300 (Model 22PT180). On t he  recommendation of t h e  manu- 
f ac tu re r ,  t he  ion  source, Vee" block, and pole  p iece  were gold-plated 
t o  minimize r eac t ion  with the  r e l a t i v e l y  high oxygen p a r t i a l  p ressures  
used i n  these  tests, The output of t h e  e l ec t ron  m u l t i p l i e r  was read 
on a s t r i p  char t  recorder  through an electrometer  (Keithley Model 416). 
As with o the r  instruments u t i l i z i n g  e l e c t r o n  mul t ip l i e r s ,  i t  was found 
t h a t  the  e l e c t r o n  m u l t i p l i e r  gain w i l l  change with t i m e  and exposure 
condi t ions.  Due t o  t h i s  e f f e c t ,  the  mass spectrometer was used t o  obta in  
r e l a t i v e  concentrat ions of t h e  var ious gases wi th in  the  chamber, with 
absolute p a r t i a l  p ressures  obtained f r o m  the  ion iza t ion  gauge reading, 
corrected f o r  the  r e l a t i v e  concentrations.  
(( 
-8 A mass spectrum of the  r e s idua l  gases  i n  the  chamber a t  5 x 10 
t o r r  i s  shown i n  Figure 7 .  The major cons t i t uen t s  under these  condi t ions  
a re  hydrogen (mass 2), water vapor (mass 18), and n i t rogen  (mass 28). 
Cha rac t e r i s t i c  groups of peaks (mass 12 t o  16, 24 t o  30, 36 t o  44, and 
48 t o  58) a r e  ind ica t ive  of hydrocarbons, probably from backstreaming 
o i l  vapor. 
The method used f o r  ca l ib ra t ion  of the  mass spectrometer and sub- 
sequent p a r t i a l  p ressure  analyses involves the  use of both the  ion iza t ion  
gauge and the  mass spectrometer i n  a procedure such t h a t  t he  t o t a l  p ressure  
i s  determined by the  ion iza t ion  gauge reading, corrected f o r  r e l a t i v e  
concentrat ions of var ious gas species ,  with the  r e l a t i v e  concentrat ions 
being obtained from the  mass spectrum. With t h i s  procedure, va r i a t ions  
i n  e l ec t ron  m u l t i p l i e r  gain do not a f f e c t  t he  ca lcu la ted  p a r t i a l  p ressures  
as  long a s  the  r e l a t i v e  gain i s  constant .  
The ion iza t ion  gauge s e n s i t i v i t y  was defined i n  equation (I), The 
mass spectrometer s e n s i t i v i t y ,  s (XI, for  any pure gas, x, i s  s imi l a r ly  
defined: 
m s  
(XI m s  
m s  i P(xI 
s (XI = m s  
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where I (x) is the positive ion current of the mass spectrometer for a 
particular peak (usually the parent peak) in the pure gas mass spectrum, 
and i is the electron emission current of the mass spectrometer. Now 
if a pure gas at pressure P(x) is measured simultaneously with the 
ionization gauge and the mass spectrometer, then P(x) can be eliminated 
with equations (1) and ( 8 )  to obtain 
ms 
ms 
The mass spectrometer is thus calibrated to obtain s (x) for various 
pure gases using equation (9). 
ms 
Now for any gas mixture, it is assumed that the total ionization 
gauge ion current is the sum of the ion currents due to each of the gases 
in the gas mixture. From equation (9) we thus obtain: 
where I (TI is the total ionization gauge ion current. But equation 
(10) involves the absolute mass spectrometer sensitivity rather than 
relative sensitivity, as desired. The right side of equation (10) is 
multiplied by ms (N2) to give 
ig 
s ms (N2) 
Mass spectrometer sensitivity is taken, for the present purposes, relative 
to the nitrogen sensitivity, s 
gas in these tests. Actually, the term is simply a factor 
which, in effect, normalizes the sum of the partial pressures to be 
consistent with the ionization gauge reading. 
(IT2), since nitrogen is the main residual ms 
s ms (NZ) 
Calculation of partial pressures and total pressure by this technique 
thus requires knowledge of the relative mass spectrometer sensitivities 
for each of the gases and the absolute sensitivities of the ionization gauge. 
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is f i r s t  ca lcu la ted  1 
s (N 1 
For a p a r t i c u l a r  mass spectrum, the  value 
from eq-lation (11) e Having determined ?he absolute  mass spectrom- 
eter s e n s i t i v i t i e s  a r e  ca lcu la ted  and thZspar t ia l  p ressures  a r e  then 
obtained from equation (8). 
1 m s  
s (N2)' 
Table I V  shows r e l a t i v e  s e n s i t i v i t y  f o r  t he  mass spectrometer. 
S e n s i t i v i t y  was measured f o r  H2, He, N2, and Ar by admitt ing the  pure 
gases i n t o  the  vacuum chamber and ca l cu la t ing  s e n s i t i v i t y  from equat ion 
(9). Corresponding r e l a t i v e  s e n s i t i v i t i e s  w e r e  then obtained. Attempts 
t o  c a l i b r a t e  the  analyzer  f o r  oxygen by t h i s  method were unsuccessful 
s ince  exposure t o  oxygen pressures  i n  the  10 torr  range caused a l a rge  
increase  i n  s e n s i t i v i t y  and thus cons is ten t  values  could not be obtained. 
This effect i s  presumably due t o  
de tec tor  i n  the  mass spectrometer due t o  p a r t i a l  oxidat ion,  and oxidat ion 
under more severe condi t ions h a s  been used(3) t o  a c t i v a t e  and s t a b i l i z e  
the  gain of such e l ec t ron  mul t ip l i e r s .  
-6 
1? activation' '  of t he  e l ec t ron  m u l t i p l i e r  
The oxygen s e n s i t i v i t y  r e l a t i v e  t o  n i t rogen  was obtained by admission 
of a i r  t o  t he  chamber., Under such condi t ions,  it can be shown from 
equation (8) t h a t  t he  r e l a t i v e  s e n s i t i v i t y  is  r e l a t e d  t o  the  r e l a t i v e  ion  
cu r ren t s  and r e l a t i v e  p a r t i a l  p ressures  as  follows. 
The standard composition(4) (78.09 percent  N2 and 20.95 percent O2 
taken f o r  a i r  and appropriate  cor rec t ions  for r e l a t i v e  pumping speeds were 
made i n  ca l cu la t ing  r e l a t i v e  p a r t i a l  pressures .  Calculat ion of r e l a t i v e  
mass spectrometer s e n s i t i v i t y  for  argon from the  same mass spec t r a  gave 
0,8l, i n  good agreement with 0.85 obtained from the  pure gas c a l i b r a t i o n  
f o r  argon. 
The mass spectrometer s e n s i t i v i t y  f o r  H28 and CQ i s  estimated to  be 
2 
t he  same as  f o r  N as  shown i n  Table EV, 
23 
(31 Beynon, J. He, Mass Spectrometry and Its Applications t o  Organic 
(4) Grey, D. E., Ed., 
Chemistry, E lsev ier  Publishing Company, Amsterdam (1960). 
, McGraw-Hi11 
Book Company, Pnc., New York (1957). 
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TABLF, I V  
MASS SPECTROMETER RE IVE SENSITIVITY 
Sens i t iv i ty  
Relative to N _  
z 
s (x) m s  Major 
s '  m s  (N2) Gas Peak -
2 1.39 H Z  
H e  4 
18 H2° 
28 
32 
A r  40 
44 
N2 
O2 
c02 
0.50 
1.00 
1.00 
1.03 
0.85 
1.00 
Source of Data 
2 
Separate Cal e for N and H 
Separate Ca l ,  for N and H e  
Estimated Value 
2 
2 
A i r  Calibration 
Separate Cal e for N and A r  
Estimated Value 
2 
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B. Reaction Rate Calcu la t ions  
From k i n e t i c  theory considerat ions,  t he  mass inc ident  r a t e ,  m, of a 
gas a t  a sur face  i s  
-2 m = 5.833 x 10 P 
where P i s  the  gas pressure ( t o r r ) ,  M t h e  molecular weight, and 
T i s  the  absolute  temperature (OK). 
incident  molecules a r e  absorbed and r e a c t  with t h e  surface,  the  reac t ion  
If a c e r t a i n  f r ac t ion ,  a, of the  
r a t e  i s  
m = 5.833 x r 
The parameter, a, is  dimensionless and is  the  probabi l i ty  
( 14) 
t h a t  an impinging 
gas molecule w i l l  r eac t  with t h e  sur face  and hence i s  ca l l ed  the  s t i c k i n g  
p robab i l i t y  or s t i c k i n g  f a c t o r  f o r  t h e  gas under t h e  p a r t i c u l a r  condi t ions 
of sur face  exposure. 
For the  present  tests, the  main i n t e r e s t  is  i n  the  oxygen r eac t ion  r a t e .  
If a i r  flows i n t o  the  chamber with the specimens a t  e levated temperature, 
a port ion of the  oxygen w i l l  r eac t  w i t h  t he  specimens according t o  equation 
(14) and the  remainder w i l l  be pumped away. For ca l cu la t ion  purposes, i t  is  
more convenient t o  express  equation (14) i n  terms of oxygen flow r a t e  
( i n  ) t o  the specimens. Taking t h e  appropriate  gas temperature t o  
be 2OoC (293.15'K), t he  corresponding oxygen dens i ty  i s  1.752 x 10 
With these  values,  equation (14) becomes 
t o r r  1 
sec -3 gm/torr 1. 
(15) 
where A i s  the  t o t a l  reac t ing  a rea  (cm ) of the  specimens, Now the  oxygen 
removed from the  system by the  pump i s  
t o r r  1 
s&c oxygen r eac t ing  = 11.00 aA P(02) 
2 
< 16) torr  1 sec oxygen pumped = P(O IS = 0.936 O2 
The oxygen pumping speed, = 0,936 S where S is  the  ni t rogen (or a i r )  
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pumping speed a s  given i n  Table 1111, The f a c t o r  0,936 i s  obtained by 
assuming t h a t  t he  pumping system i s  conductance l i m i t e d ,  a reasonable 
assunption s ince  the  measured pumping speed is  less than 20 percent  of 
t h e  ra ted  speed of t he  d i f fus ion  pump, 
Now the  a i r  flowing i n t o  the  chamber ~ o n t a i n s . 0 ~ 9 3 4  percent argon. 
The argon i s  completely pumped away since argon does not r eac t  with t h e  
specimens. Thus 
(17) 
torr  1 
sec 
argon pumped = t o t a l  argon flow = 0.838 P ( h ) S  
where the  f a c t o r  0.838 i s  again obtained from t h e  assumption of conductance 
l i m i t e d  pumping. 
The t o t a l  oxygen flow i n t o  the  chamber i s  the  sum of oxygen pumped 
and oxygen reacted.  The r a t i o  of t o t a l  oxygen flow i n t o  the  chamber t o  
t o t a l  argon flow is t h e  standard a i r  r a t i o .  Thus 
oxygen pumped + oxygen reacted -  - t o t a l  oxygen flow - 0 e 2095 
t o t a l  argon flow 0.00934 argon pumped 
- 
This equation may be s impl i f ied  t o  obta in  
T h i s  equation shows how the  argon-to-oxygen pressure  r a t i o  va r i e s  
with the  r a t i o  of oxygen reacted (propor t iona l  t o  aA) t o  system pumping 
speed. The minimum value of P(Ar) -i s  obtained with no specimens i n  the  
chamber (or with a = O), and i s  $he normal a i r  r a t i o  a s  modified by the  
conductance l imi t a t ion .  The r a t i o ,  '-, becomes increas ingly  l a r g e r  
(P(O 1 decreases)  a s  t he  product, cfAI increases  with respec t  t o  S. This 
p(h) i s  p lo t t ed  aga ins t  - i s  shown i n  Figure 8 where - 
a v e r y  important considerat ion i n  the  ca l cu la t ion  of r e f r ac to ry  metal 
contamination r a t e  i n  a vacuum system under condi t ions of a i r  i n -  
'(0 1 
2 
This demonstrates S "  P(02) 
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aa Figure 8.  Change in Argon-to-Oxygen Pressure Ratio with the Factor - 5 for  A i r ,  (Ref. Equation 19) 
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t h a t  is, t h a t  the  ac tua l  composition i n  the chamber w i l l  be considerably 
d i f f e r e n t  from the  nominal a i r  composition i f  the  rat io , -  is  g rea t e r  
than about 0.05. Similar  ca l cu la t ions  could be perPormed t o  f ind  t h e  
n i  trogen-to-oxygen r a t  io. 
s ’  
In  a p a r t i c u l a r  test specimen exposure, t h e  s t i c k i n g  p robab i l i t y  
can be ca lcu la ted  both from the  gas ana lys i s  and system pumping speed 
(equation 191, and from the  oxygen p a r t i a l  p r e s s u x  and weight gain 
(equation 14). The agreement between these  two e s s e n t i a l l y  independent 
ca l cu la t ions  i s  a measure of t h e  o v e r a l l  consis tency of t he  test data .  
The value of a ca lcu la ted  from equat ion (19) i s  the  instantaneous value 
while t h a t  obtained from the  t o t a l  weight ga in  (equat ion 14) is t h e  
o v e r a l l  (or  e f f e c t i v e )  value. 
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P TEST EXPOSURES 
A l l  s t r i p  specimens exposed i n  these  tests were cu t  from t h e  same 
sheet  of Cb-lZr, nominally 0.030-inch (0,076-cm) th i ck ,  The shee t  was 
furnished by NASA, and t h e  s t r i p  specimens were fabr ica ted  by GE-NSP. 
The s t r i p s  were cleaned, p r i o r  t o  welding of the  e lec t rodes ,  according 
t o  s p e c i f i c a t i o n  03-0010-00-D. Tnis s p e c i f i c a t i o n  r equ i r e s  
a so lu t ion  of 20 percent n i t r i c  acid,  20 percent hydrofluoric  acid,  
and 60 percent water. Other d e t a i l s  pe r t a in ing  t o  the  prepara t ion  of 
the  ind iv idua l  s t r i p  specimens a re  given below. 
A. T e s t  Exposure No. 1 
Tie  i n i t i a l  test exposure was made on a specimen cons i s t ing  of a 
17-inch length of ma te r i a l  cu t  p a r a l l e l  t o  t h e  r o l l i n g  d i r e c t i o n  and 
a 9-inch length cu t  t ransverse  t o  t h e  r o l l i n g  d i r ec t ion ,  The two sec t ions  
were welded together  by gas-tungsten a r c  (GTA) welding. The specimen was 
not annealed a f t e r  welding. A summary of t h e  test  exposure condi t ions 
and resu l t s  of test  No. 1 are  a s  follows: 
Tes t  Specimen - C'u-1Zr shee t ,  26 inches (66.0 cm) long x 1.0 inch 
(2.54 e m )  w i d e  x 0.0316 inch (0.0802 cm) th ick .  
Surface pickled. Longitudinal and t ransverse  
sec t ions  
Exposure Time - 210 hours. 
Specimen Temperature - 170Q°F (927OC), 
Vacuum System Pumping Speed - 413 l /sec.  
Average To ta l  Pressure - 8.57 x 10 torr. 
Average P a r t i a l  Pressure 
-6 
7.52 x IOw6 t o r r ,  87.7% 
8.76 x lom7 torr, 10.2% 
1,15 x 10"' t o r r ,  1*34% 
3.01 x IO-' t o r r ,  0.35% 
2.55 x lo-' torr, 0.29% 
4,9 x IOe9 t o r r ,  0.05% 
- N2 
0 2 
Ar 
H2 
H2Q 
( P P d  
Specimen Analyses: 
( P P d  (PPm) 
Nitrogen Carbon Oxygen 
Post  tes t 5990 70 - 
342 P r e t e s t  41 
Change 59 50 48 - -- 
22 -
31 
-9 2 Average Oxygen Reaction Rate - m = 2,71 x 90 gm/cm sec  
(Calculated from oxygen increase)  
S t ick ing  Probabi l i ty :  a = 0.160 (Calculated from m Ref. Equation 14) 
r 
1Pt 
a = 0,183 f .039 (Average of values  ca lcu la ted  
from Ar/O r a t i o  
Equation ?9) 
Tota l  and p a r t i a l  p ressures  during t h e  exposure are p lo t t ed  against  
exposure t i m e  i n  Figure 9. The p a r t i a l  p ressures  a r e  calculated a s  
described i n  Sect ion I I of t h i s  repor t ,  and t h e  t o t a l  p ressure  i s  the  sum 
of t h e  p a r t i a l  pressures .  
f o r  more than 99 percent of the  t o t a l  pressure.  CO, although probably 
present  i n  small  quant i ty ,  could not be d e t e c t e d  due t o  in t e r f e rence  
from o the r  spec ies  i n  t h e  system. Small q u a n t i t i e s  of heavier  hydrocarbons 
were detected with masses g rea t e r  than 50 but q u a n t i t a t i v e  analyses were 
not obtained. The most prominent of t hese  hydrocarbons were i n  the  C 
group (masses 50 t o  57) and benzene (masses 77, 78, 79). 
The a i r  cons t i t uen t s ,  02, N2, and A r  account 
4 
The measured average argon-to-nitrogen p a r t i a l  pressure r a t i o  is  
0.0153 compared t o  0.0142 calculated from the  standard a i r  composition 
and r e l a t i v e  conductance l i m i t e d  pumping speed. The good agreement between 
these  two values ind ica t e s  a very low s t i c k i n g  p robab i l i t y  f o r  ni t rogen.  
This conclusion i s  confirmed by the  vacuum fus ion  analyses  which show a 
ni t rogen increase  of only 48 ppm. 
The s t i c k i n g  probabi l i ty ,  ca lcu la ted  f o r  each gas ana lys i s  from t h e  
argon-to-oxygen r a t i o  (Equation 191, i s  shown i n  Figure 10, The l i n e  
shown i n  the  f i g u r e  is  ca lcu la ted  from a l i n e a r  f i t  of t he  da t a  by t h e  
method of l e a s t  squares.  This shows a s l i g h t  tendency toward decreasing 
s t i ck ing  p robab i l i t y  with increasing exposure t i m e .  
The standard (RMS) devia t ion  of t h e  20 da ta  po in t s  i n  Figure 10 i s  
f 0.030 o r  about 21 percent of t h e  average value of a. This v a r i a t i o n  
i s  a t t r i b u t e d  t o  i n s t a b i l i t i e s  i n  the  mass spectrometer and to  changes 
i n  pumping speed throughout t he  test. The s t i c k i n g  p robab i l i t y  ca lcu la ted  
from the  increase  i n  oxygen content of the  specimen i s  0.1 0 i n  exce l l en t  
agreement with 0.183 +- .039 c a  culated from t h e  argon-to-oxygen p a r t i a l  
pressure r a t i o .  
]During eva lua t ion  of the  ma te r i a l s  from the  i n i t i a l  test exposure, 
it was found t h a t  the  we ld  between t h e  t ransverse  and longi tudina l  
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Figure 9, Total and Partial Pressures for Test Exposure No. 1, a Single 
Strip Specimen. 
33 
* 4  
. 3  
.2 
.1 
0 
0 100 200 
T e s t  Hours 
Figure 10 S t ick ing  P robab i l i t y  Calculated From Argon-to-Oxygen 
Rat io  f o r  T e s t  Exposure No. 1, Sing le  S t r i p  Specimen. 
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sec t ions  was q u i t e  b r i t t l e .  This  e f f e c t  w i l l  be discussed below i n  
the  evaluat ion sec t ion  of t h i s  r epor t ,  
Be Test  Exposure No.  2 
In  an attempt t o  minimize embrit t lement of t h e  w e l d  metal  on sub- 
sequent exposure, t he  specimens for test exposure No. 2 were vacuum 
annealed i n  the  test chamber by hea t ing  t o  2200'F f o r  one hour, 
t ranspi red ,  the  specimens were exposed t o  ambient a i r  for a period of 
s eve ra l  months following annealing and before the  test exposure. 
A s  events  
The two specimens exposed i n  t h i s  test were each 26 inches long, 
one inch wide, and 0.0316 inch th i ck  and consis ted of a 17'-inch length 
cu t  p a r a l l e l  t o  the  r o l l i n g  d i r e c t i o n  and a 9-inch length cu t  t ransverse  
t o  the  r o l l i n g  d i r ec t ion .  The two sec t ions  were w e l d e d  toge ther  by 
gas-tungsten a r c  (GTA) welding, The sur face  of one specimen was roughened 
by g r i t -b l a s t ing  a l l  exposed sur faces  with 60-grit  alumina of 99.9 percent 
pur i ty .  A l l  specimens were f ab r i ca t ed  a t  GE-NSP and g r i t - b l a s t i n g  was 
performed a t  NASA-Lewis Research Center,  
The dura t ion  of the  second test exposure was 501.5 hours with a 
calculated average oxygen p a r t i a l  p ressure  of 2.2 x 10 torr. However, 
i n  performing the  p o s t t e s t  chamber pumping speed measurements, it was 
found t h a t  unusually low pressures  were obtained ( ind ica t ing  unreasonably 
high pumping speed). Inves t iga t ion  of t h i s  e f f e c t  revealed t h a t  the  
ion iza t ion  gauge had become contaminated during t h e  test and was, i n  
f a c t ,  reading too  low during an unknown (but  probably extensive) period 
during t h e  test. Thus, no r e l i a b l e  pressure  measurements were obtained 
-7 
f o r  t h i s  test. 
The probable cause of t h e  d e t e r i o r a t i o n  of t h e  ion iza t ion  gauge 
readings during t h i s  test  i s  t h e  formation of an i n s u l a t i n g  depos i t  on 
the  ion c o l l e c t o r  a s  a r e s u l t  of exposure t o  high concentrat ions of 
hydrocarbons during the  test. These hydrocarbons were inadver ten t ly  
evolved i n t o  the  chamber on seve ra l  occasions during the  test  due  t o  
f a i l u r e  of the  automatic l i qu id  n i t rogen  supply, The s u s c e p t i b i l i t y  
of the  Bayard-Alpert type of gauge t o  t h i s  hydrocarbon contamination is 
discussed i n  seve ra l  references.  '225' Careful  outgassing of t he  gauge 
11 oniza t ion  Gage Application t o  Space Simulators, 
1968 Book of AS -- Standards, P a r t  30, General Test ing Methods, 
Society f o r  Tes t ing  and Mater ia ls ,  Phi lade lphia  (1968). 
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following t h e  test  apparently res tored  the  gauge t o  i t s  normal opera t ing  
c h a r a c t e r i s t i c s .  N o  ins tances  of loss of l i qu id  n i t rogen  were encountered 
i n  any test except exposure No. 2. 
A summary of the  test condi t ions and r e s u l t s  i s  as  follows: 
Tes t  Specimens - Cb-1Zr sheet ,  26 inches (66.0 cm) long x 1.0 inch 
(2,54 cm)  w ide  x 0.0316 inch (0,0802 cm) th ick .  
Longitudinal and t ransverse  sec t ions ,  Specimens 
annealed but exposed t o  a i r  f o r  3 months before  
test exposure 
Surface: Specimen A - cleaned and pickled 
Specimen B - gr i t -b las ted  (60-gri t  alumina) 
Exposure Time - 501.5 hours. 
Specimen Temperature - l?OO°F (927OC). 
Vacuum System Pumping Speed - 793 l /sec.  
Average To ta l  Pressure - N o t  determined;  ion  gauge malfunction. 
Average P a r t i a l  Pressure - Not determined; ion gauge malfunction. 
Specimen Analyses: 
Specimen A - cleaned and pickled Oxygen Nitrogen Carbon ( ppm) (PPm) (ppm) 
Post  te  s t 8460 38 - 
342 P r e t e s t  
Change 8420 16 - -
22 -44 -
( PPm) (ppm) (ppm) 
Nitrogen Carbon Specimen B - gr i t -b las ted  Oxygen 
Post t e s t 9670 39 730 
350 P r e t e s t  3 60 
Change 9310 17 380 
-22 -
Average Oxygen Reaction Rate: 
-9 2 
2 
Specimen A - cleaned and pickled: m = 1.60 x 10 gm/cm sec. 
Specimen B - gr i t -b las ted :  m = l , % 7  x loe9 gm/cm sec.  
S t ick ing  Probabi l i ty :  u = 0.274 k 0.085 (Average value ca lcu la ted  
r 
r 
from Ar/O r a t i o ,  Equation 19) ,  
2 
Tne s t i c k i n g  probabi l f ty ,  ca lcu la ted  for each gas ana lys i s  from t h e  
argon-to-oxygen r a t i o  (Equation 191, is  shown i n  Figure 11, It should be 
noted t h a t ,  even though the  absolute  p a r t i a l  p ressures  were not obtained 
due  t o  the  ion iza t ion  gauge malfunction, t he  r e l a t i v e  p a r t i a l  p ressures  
a re  s t i l l  va l id  s ince  t h e  r e l a t i v e  values  are obtained solely from t h e  
mass spectrum. The l i n e  shown i n  the  f i g u  is calculated from a l i n e a r  
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fi t  of t h e  da t a  by the  method of l e a s t  squares. Th3.s l i n e  shows a s l i g h t  
tendency toward decreasing s t i ck ing  p robab i l i t y  wi th  increas ing  exposure 
t i m e ,  a s  was observed i n  the  f i r s t  test. The standard devia t ion  from t h e  
l i n e  i s  k 0.035 (or k 3 l  percent)  i nd ica t ing  r e l a t i v e l y  poor p rec i s ion  
i n  these measurements. 
i n  t h e  scanning c i r c u i t  
test, This problem was 
The average of a l l  
to-oxygen r a t i o  (Figure 
The s c a t t e r  i n  t h e  da t a  is due mainly t o  i n s t a b i l i t i e s  
of t h e  mass spectrometer during t h i s  p a r t i c u l a r  
corrected following t h i s  test .  
s t i c k i n g  p r o b a b i l i t i e s  ca lcu la ted  from the argon- 
11) is 0,274 5 0.085. This  is  higher  than the  
Ti 
average value of 0.183 k 0,039 ca lcu la ted  f o r  test exposre No. 1 but i s  
s t i l l  wi th in  t h e  combined standard devia t ions  of t h e  measurements, Another 
f a c t o r  t o  be considered i s  t h a t  the  s t i c k i n g  probabi l i ty ,  a s  ind ica ted  
from t h e  t o t a l  oxygen increase,  i s  about 10 percent  higher  f o r  t h e  g r i t -  
blasted s t r i p  than for the  s t r i p  with bare  surface.  This i nd ica t e s  t h a t  
the  average s t i c k i n g  f a c t o r  fo r  the  g r i t -b l a s t ed  s t r i p  would be 0.287, 
and f o r  t h e  bare s t r i p ,  0.260 a s  calculated from t h e  argon-to-oxygen 
pressure r a t i o  and the  r e l a t i v e  oxygen increase.  
The increase  i n  carbon content  of specimen B (g r i t -b l a s t ed )  i n  t h i s  
test was considerably l a r g e r  (380 ppm) than f o r  t he  o the r  tests. This 
higher  carbon pickup i s  apparently due t o  the  malfunctions i n  t h e  l i qu id  
ni t rogen con t ro l  during t h e  test, and subsequent evolu t ion  of r e l a t i v e l y  
l a rge  q u a n t i t i e s  of hydrocarbon vapor i n t o  the  vacuum chamber. 
C. T e s t  Exposure No.  3 
Simultaneous exposure of two s t r ip  specimens was performed for t h e  
t h i r d  test. Ole s t r i p  contained a fu l l - l eng th  GTA w e l d  down i ts  length a t  
the  mid-point of i t s  width, The width of t he  fus ion  zone was about 0,25 
inch (0.64 cm). The o t h e r  s t r i p  contained t ransverse  and longi tudina l  
sec t ions  a s  described i n  the  previous test, Both s t r i p s  were annealed 
i n  the  vacuum cham5er immediately before the  test exposure. The test 
se tup  was i d e n t i c a l  t o  t h a t  shown i n  Figure 4 f o r  test No, 4, 
A summary of the  test condi t ions and r e s u l t s  i s  as  follows: 
Test  Specimens - Cb-1Zr sheet, 26 inches (65.0 cm) long x 1 , O  inch 
(2.54 cm) w i d e  x 0.0316 inch (0.0802 cm) th i ck ,  
Annealed immediately before test exposure. 
Specimen A: Longitudinal and t ransverse  sec t ions ,  
Specimen B: Full-length GTA fusion weld,, 
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Exposure t i m e  - 438-3 hours. 
S2ecimen Temperature - 1700'F (92'7'6) 
Vacuum System Pumping Speed - 896 liters per  second, 
Average T o t a l  Pressure:  2.95 x PO t o r r .  
Average P a r t i a l  Pressures :  Nitrogen 2.76 x lose t o r r ,  93*5% 
Oxygen 1,33 x POw7 t o r r ,  4.52% 
Argon 4.22 x t o r r ,  1.43% 
Hydrogen 1,14 x lo-' t o r r ,  Oe39% 
Water Vapor 3.7 x lo-' t o r r ,  0.13% 
Carbon Dioxide 1.2 x lo-' torr, 0.04% 
-6 
Specimen Analyses: 
Specimen A 
( P P d  (PPm) (PPd  
Oxygen Nitrogen Carbon 
Post  tes t 8 130 30 538 
P r e t e s t  144 
Change 8090 8 196 
34 - 22 -
( PPm) (PPm) (PPm) 
Specimen B - Welded S t r i p  Oxygen Nitrogen Carbon 
(Fusion zone analyses) 
Pos t  te  s t 7080 47 435 
285 P r e t e s t  21  
Change 7060 21 150 
-9 2 
2 
I_ 
26 -
Average Oxygen Reaction Rate (from oxygen increase) :  
Specimen A: m = 1.75 x 10 gm/cm sec.  
Specimen B(we1ded): m = 1.53 x lop9 gm/cm sec. 
r 
r 
S t i ck ing  P robab i l i t y :  Specimen A: a = 0.679 ( ca l cu la t ed  from m,). 
Specimen B: a = 0,594 (ca lcu la ted  from m l e  r 
a = 0.623 k 0.038 ( ca l cu la t ed  from 
A r / 0 2  r a t i o ) .  
The s t i c k i n g  p robab i l i t y ,  ca l cu la t ed  f o r  each gas ana lys i s  from the  
argon-to-oxygen r a t i o  (Equation 19) i s  shown i n  Figure 12. The l e a s t  
square l i n e a r  f i t  of t h e  d a t a  shows good prec i s ion  (2 0.038 o r  2 6.1 per-  
cen t )  compared with previous measurements. The s t i c k i n g  f a c t o r  ca l cu la t ed  
from the  gas analyses  i s  i n  e x c e l l e n t  agreement wi th  t h e  average of values  
ca lcu la ted  from t h e  oxygen inc rease  of each specimen, The very s u r p r i s i n g  
r e s u l t  i s  t h a t  ca l cu la t ed  s t i c k i n g  f a c t o r s  a r e  about t h r e e  times g r e a t e r  
than va lues  obtained on the  f i r s t  two test exposures ,  This  e f f e c t  is  
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believed t o  be a r e s u l t  of annealing t h e  specimens immediately before 
the  test, a s  w i l l  be explained i n  a l a t e r  s ec t ion  of t h i s  r epor t .  A 
s i g n i f i c a n t  d i f f e rence  e x i s t s  between the  oxygen increase  of t h e  non- 
we lded  ma te r i a l  and t h a t  of t h e  w e l d  metal. This d i f fe rence  i n d i c a t e s  
t h a t  t h e  s t i c k i n g  p robab i l i t y  on the  unwelded ma te r i a l  i s  g r e a t e r  than on 
the  w e l d  metal by about 14 percent.  
An increase  i n  carbon content of both specimens was noted during the  
test ,  even though t h e  l i qu id  n i t rogen  t r a p  was kept cold throughout t h e  
test and the  mass spectrometer indicated low hydrocarbon content  of t he  
gas phase. The increase  was, however, only about ha l f  t he  value obtained 
i n  test N o .  2, when malfunctions i n  the  l i qu id  n i t rogen  supply were en- 
countered, This observat ion ind ica t e s  t h a t  t h e  l i q u i d  n i t rogen  t r a p  is  
only p a r t i a l l y  e f f e c t i v e  i n  preventing backstreaming of o i l  vapor from 
the  d i f fus ion  pump and subsequent carbon contamination of t he  specimens. 
D. T e s t  Exposure No.  4 -- 
Considerable d i f f i c u l t y  had been encountered i n  the  previous th ree  
tests i n  pred ic t ing  the  oxygen increase  of t he  test specimen. There was, 
a t  t h i s  point ,  some doubt as t o  the  s t a b i l i t y  of the  system pumping speed 
and the  accuracy of t h e  measured values due  t o  t he  unexplained d i f f e rences  
i n  pumping speed between the  f i r s t  two testso I n  addi t ion,  l a r g e  and un- 
expected d i f fe rences  i n  s t i c k i n g  p robab i l i t y  w e r e  encountered. F ina l ly ,  
the  pjxblems with t h e  ion iza t ion  gauge which occurred during the  second 
test  ra i sed  some doubt a s  t o  the  accuracy of t he  pressure  measurements 
u n t i l  t he  f i n a l  i on iza t ion  gauge c a l i b r a t i o n  w a s  performed. In view of 
these  unce r t a in t i e s ,  a method w a s  used f o r  t h e  f i n a l  test  which gave t h e  
d e s i r e d  increase  i n  oxygen content even with l a r g e  u n c e r t a i n t i e s  i n  pump- 
ing  speed, s t i c k i n g  f ac to r ,  and pressure measurement. 
T h i s  method i s  based on t h e  measurement of t o t a l  a i r  flow i n t o  the  
chamber and on the  f a c t  t h a t ,  wi th  two s t r i p  specimens i n  the  chamber, 
the  majori ty  of the  a i r  t h a t  e n t e r s  t h e  chamber r e a c t s  with t h e  specimens, 
This can r e a d i l y  be seen by combining equat ions (15) and 416) t o  obta in  
CrA P1.75 -- S 
11,75 - + 1 
- Oxygen reacted 
To ta l  oxygen CYA 
s 
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It  should be noted t h a t  t h e  f r a c t i o n  of t h e  t o t a l  oxygen t h a t  r e a c t s  with 
the  specimens is  independent of the  oxygen p a r t i a l  pressure,  I n s e r t i n g  
the  measured values  f o r  a, A, and S f r o m  test  No. 3 i n t o  equation (201, 
one f inds  t h a t ,  f o r  t h a t  test, 85 percent of the  oxygen en te r ing  the  chamber 
reacted w i t h  t he  specimens. 
Equation (20) can be used t o  r e l a t e  t he  t o t a l  a i r  flow ( i n  torr-liters) 
t o  the  oxygen increase  of the  specimens (pprn) using appropriate  specimen 
geometrical  f a c t o r s  and the  standard a i r  composition. Thus, it can be 
shown t h a t  
1.25 lo4 ; 
Oxygen increase  (ppm) = x t o t a l  a i r  flow (torr-1).(21) 
7.88 x IO3 ;+ 1 
a From equation (21) it can be seen tha t ,  f o r  high values  of -, t he  oxygen 
increase  is  independent of - and is  propor t iona l  t o  the  t o t a l  aFr flow. 
For very  low values  of a 
the  t o t a l  a i r  flow, and only a small f r a c t i o n  of t h e  i n l e t  a i r  r e a c t s  
S a 
a 
SJ S 
S 
t he  oxygen increase  i s  propor t iona l  t o  - and 
w i t h  t he  specimen. 
The t o t a l  a i r  flow required f o r  s eve ra l  values  of oxygen increase  i s  
p lo t ted  against  E i n  Figure 13. 
the  oxygen increase  i s  i n s e n s i t i v e  t o  2 f o r  2 values  g rea t e r  than 1 x 10 
sec per l i t e r .  Since the  d e s i r e d  oxygen increase  for t h i s  test was 4000 
ppm, then w i t h  3000 t o r r - 1  t o t a l  a i r  flow, t h i s  t a r g e t  value (+ 500 ppm) 
would be obtained f o r  any For test 
exposure No. 4, the  primary con t ro l l i ng  test  parameter was thus t h e  t o t a l  
a i r  flow ra%her than oxygen p a r t i a l  p ressure  and time as  i n  the  previous 
tests. 
It is apparent from these  curves t h a t  
-3 S 
S S 
between 0.35 x lom3 and 2.3 x 10’-30 S 
I n  order  t o  measure t o t a l  a i r  flow t o  t h e  chamber, a s t a i n l e s s  steel 
container  of accura te ly  measured volume (3.70 liters) was f ab r i ca t ed  and 
connected t o  the  f n l e t  of the  va r i ab le  leak valve,  The pressure  i n  t he  
container  was measured throughout the  test so t h a t  with appropriate  
temperature cor rec t ions ,  t he  t o t a l  a i r  flow t o  t h e  chamber could be 
determined. 
The test specimens for test exposure No, 4 were i d e n t i c a l  t o  those 
of test No.  3, One s t r i p  contained a fu l l - length  GTA weld ,  and the  o t h e r  
s t r i p  contained t ransverse  and Pongitudina sec t ions ,  Both s t r i p s  were 
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annealed i n  vacuum f o r  one hour a t  2200°F immediately before  t h e  test 
exposure,, The s t r i p  
i n  Figure 4. 
A summary of t h e  
f 0 1 lows 
T e s t  Specimens - 
Exposure Time - 
ecimens mounted i n  the  vacuum chamber a r e  shown 
test  condi t ions and r e s u l t s  f o r  test  No, 4 i s  a s  
Cb-1Zr shee t ,  26 inches (66,O cm) long x 1.0 inch 
(2.54 cm) w i d e  x 0.0316 inch (0.0802 cm) th i ck .  
Annealed immediately before  test. 
Specimen A: Longi tudinal  and t r ansve r se  sec t ions .  
Specimen B: 
274 hours. 
Ful l - length GTA fus ion  w e l d .  
Specimen Temperature - 1700'F (927OC) e 
Vacuum System Pumping Speed - 846 l / sec .  
T o t a l  A i r  Flow t o  Chamber: 2948 torr-liters (2OOC). 
Average To ta l  Pressure:  2.97 x lo-' torr ,  
Average P a r t i a l  Pressures:  Nitrogen 2.79 x torr, 93,9% 
Oxygen 1.27 x t o r r ,  4.28% 
Argon 4.00 x t o r r ,  l e35% 
Hydrogen 9 , 3  x lo-' t o r r ,  Oe06% 
Water Vapor 1.8 x torr, 0.04% 
Carbon Dioxide 1.1 x 10 torr, 0.04% -9 
Specimen Analyses: 
Specimen A 
(PPm) ( P P d  (PPm) 
Oxygen Nitrogen Carbon 
P o s t t e s t  4430 48 512 
342 -22 -44 -P r e t e s t  
Change 4390 26 200 
Specimen B (welded s t r i p )  ( P P d  ( PPm) ( P P d  
Fusion Zone Analyses Oxygen Nitrogen Carbon 
Pos ttes t 4210 50 483 
3 18 P r e t e s t  
Change 4080 28 165 
-22 -136 -
Average Oxygen Reaction Rate (from oxygen inc rease ) :  
-9 2 Specimen A: m = 1.53 x 10 gm/cm sec. 
Specimen B (welded): m = 1,42  x 10 gm/cm sec.  2 
r 
-9 
r 
S t i ck ing  P robab i l i t y :  a = 0.581 5 0.071 ( ca l cu la t ed  from Ar/O r a t i o ) .  
2 
Specimen A: a = 0.623 ( ca l cu la t ed  from m 1 -  
Specimen B (welded) :  a = 0,578 ( c a l c  f a t ed  from m l e  
r 
r 
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The s t i c k i n g  p robab i l i t y ,  ca lcu la ted  f o r  each gas ana lys i s  from t h e  
argon-to-oxygen r a t i o  (equat ion 19) i s  shown i n  Figure 14. The l e a s t  
square l i n e a r  f i t  of t h e  da t a  shows a standard devia t ion  of rf: 0.071 
(rt 1 2  percent) .  As i n  a l l  of the  tests reported here, t he re  i s  a s l i g h t  
tendency toward lower s t i c k i n g  f a c t o r s  with increas ing  test exposure t i m e ,  
Tne s t i c k i n g  p robab i l i t y  calculated from the  gas analyses  i s  i n  good 
agreement with the  average of t h e  values  ca lcu la ted  from the  oxygen increase  
of the  specimens. 
As i n  the  previous test, the  s t i c k i n g  f a c t o r s  a re  much higher  than 
obtained i n  the  f i r s t  t w o  tests, where t h e  s t r i p  specimens were not  
annealed immediately before the  exposure. 
E. S t r i p  Specimen Thermal Behavior 
As shown i n  the  preceding sec t ion  of t h i s  repor t ,  l a rge  d i f f e rences  
i n  oxygen s t i c k i n g  p robab i l i t y  on Cb-1Zr were noted depending on whether 
or not t he  s t r i p  specimens were annealed immediately before the  test 
exposure. The most l o g i c a l  explanat ion f o r  t h i s  e f f e c t  seemed t o  be t h a t  
some change i n  the  specimen sur face  occurred a s  a r e s u l t  of t he  annealing. 
I f  such sur face  change occurred, it might a l s o  cause a change i n  o the r  
sur face  proper t ies ,  f o r  example, t h e  t o t a l  hemispherical  emittance.  
Although not s p e c i f i c a l l y  required by t he  cont rac t ,  an inves t iga t ion  of 
the  s t r i p  specimen thermal behavior was thus performed. 
Thermocouples were attached t o  t h e  s t r i p  speciinens a t  s i x  loca t ions  
along the  length of each s t r i p .  Temperatures were measured pe r iod ica l ly  
throughout each test  along with the  cur ren t  t o  each specimen, During the  
i n i t i a l  por t ion  of each test, some v a r i a t i o n s  were noted i n  both tempera- 
t u r e  p r o f i l e  along t h e  s t r i p  and cur ren t  required t o  maintain 1700'F. 
Figure 15 shows t he  temperature p r o f i l e  along t h e  s t r i p  a t  var ious test  
times f o r  a t y p i c a l  test exposure. This p a r t i c u l a r  s t r i p  was specimen A 
of test No. 4 w i t h  sur face  pickled and annealed immediately before  the  
test .  These da t a  show some v a r i a t i o n  i n  temperature along the  s t r i p  
during the  i n i t i a l  30 hours of t h e  test a f t e r  which t i m e  t he  temperature 
i s  q u i t e  uniform. 
The cur ren t  required to  maintain t h e  s t r i p s  a t  1700°F increased 
considerably during the  i n i t i a l  por t ion  of each test, This e f f e c t  i s  
apparently the  r e s u l t  of an increase  i n  t o t a l  hemispherical  emittance 
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Figure 14, S t ick ing  P robab i l i t y  Calculated From Argon-to-Oxygen Rat io  f o r  
T e s t  Exposure No. 4 ,  Two S t r i p  Specimens (One With Full-Length 
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Figure 15. Temperature P r o f i l e s  a t  Various T e s t  T i m e s  For 
T e s t  Exposure No .  4 ,  Specimen A,  
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of the  specimen su r face ,  In  order  t o  c a l c u l a t e  the  approximate emittance 
of t he  surface,  i t  i s  assumed t h a t  t he  r e s i s t i v i t y  of the  ma te r i a l  i s  
constant throughout t h e  test .  With t h i s  assumption, t h e  e l e c t r i c a l  power 
d iss ipa ted  i s  equated t o  t h e  radiated power: 
( 22) 
2 4 Power rad ia ted  = P R = @I' 
where I i s  the  cur ren t ,  R the  res i s tance ,  the  t o t a l  hemispherical  
emittance, a the  Stefan-Boltzmann constant ,  and T i s  the  absolute  tempera- 
t u r e .  For a number of reasons, t he  vol tage drop across  the  s t r i p  was 
not measured with s u f f i c i e n t  accuracy t o  permit ca l cu la t ion  of t h e  emittance 
from the  measurement. 
In  Figure 16, the  specimen cur ren t ,  temperature, and ca lcu la ted  
emittance a re  p lo t t ed  against  test t i m e  for specimen A of test N o .  4. 
The specimen sur face  was pickled only and annealed immediately before the  
t e s t .  The t o t a l  hemispherical  emittance was obtained from equation 22 
assuming a constant r e s i s t i v i t y  of 50 x 10 ohm-cin. T h i s  value has been 
reported(6) f o r  Cb-1Zr containing about 500 ppm oxygen. The ca lcu la ted  
emittance increased from 0.15 t o  0.23 during t h e  f i r s t  100 hours of t he  
test and remained constant  (0,23 t o  0,241 u n t i l  t he  test was concluded. 
Tie  o v e r a l l  increase  i n  oxygen content of t h i s  specimen was 4390 ppm. 
I t  should be noted t h a t  i f  t he  r e s i s t i v i t y  of the  s t r i p  ac tua l ly  increased 
during t h e  test, then (from equation 22) t h e  change i n  emittance would 
have been even g rea t e r  than shown i n  Figure 16. 
-6 
I t  i s  of i n t e r e s t  t o  compare the  ca lcu la ted  emittance values  f o r  
the  four  specimens with s i m i l a r  sur face  ( t h a t  is, pickled only),  one 
exposed i n  each of t he  fou r  tests, These values  are p lo t t ed  i n  Figure 17. 
The i n i t i a l  emittance o f  a l l  four  specimens is about the  same (0.15 t o  
0.17), An increase  i n  emittance of a l l  four  specimens may be noted during 
the  f i r s t  100 hours of exposure. However, t h e  specimens t h a t  were not 
annealed immediately before  the  t e s t  exposure have a s i g n i f i c a n t l y  higher  
maximum emittance (0,32 t o  0,341 compared to  the  m a x i m u m  of 0,23 t o  0,24 
f o r  t he  specimens t h a t  were annealed Pmmedlately before  the  test ,  A t  
11 Rigney, De V , ,  e t  a l . ,  The E l e c t r i c a l  R e s i s t i v i t y  of Lithium and 
Columbium - 1 Zirconium Alloy t o  143OoC, 
CANEL, Report TIM-854 (August 1965) 
1 (  P r a t t  and Whitney Ai rc ra f t  - 
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Figure 16, Specimen Current, Temperature, and Emittance Versus Test Time for 
Test Exposure No. 4 ,  Specimen A, Emittance Calculated Assuming 
Constant Resistivity of 50 x ohm-an. Temperature at Midpoint 
of the Specimen, 
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very h igh  oxygen l e v e l s  there i s  some tendency toward lower emittance,  
as ind ica ted  by t h e  f i n a l  emittance values  on specimen A of test No, 2 
(8460 ppml and specimen A of test N o ,  3 (8090 ppm). 
Since no attempt had been made t o  instrument the  s t r i p  specimens 
f o r  p rec i se  emittance measurements, t h e r e  i s  considerable  uncer ta in ty  
(estimated 5 15 percent) i n  t h e  ca lcu la ted  values. However, t h e  
r e l a t i v e  values  o f  ca lcu la ted  emittance should be much more reliable, 
"here i s  thus  a d e f i n i t e  d i f f e rence  i n  t h e  maximum s t a b l e  emittance 
depending on whether or not t he  specimen i s  annealed immediately before  
the test exposure. 
Tie  ca lcu la ted  emittance of t h e  gr i t -b las ted  s t r i p  (test N o  2, 
specimen €3) i s  considerably higher  t h a n  s t r i p s  w i t h  unprepared sur face  
but showed the  same genera l  increase  i n  emittance. The ca lcu la ted  
t o t a l  hemispherical emittance was 0.28 a t  the  beginning of the tes t  and 
increased t o  0.48 a f t e r  100 hours. Thereaf te r  t h e  emittance decreased 
slowly and was 0.42 a t  t h e  conclusion of t he  test (501 hours). 
F. Discussion of  Oxidation Rate Measurements 
Resul ts  of t he  oxidat ion rate measurements of oxygen w i t h  Cb-1Zr at 
-7 1700'F and oxygen p a r t i a l  p ressures  i n  the  10 
e f f e c t  of p r e t e s t  annealing, Specimens oxidized immediately fol lowing 
vacuum annealing f o r  1 hour at 2200OF had oxygen r eac t ion  r a t e s  correspond- 
ing  t o  an average s t i c k i n g  p robab i l i t y  of about 0.65, For the  unannealed 
specimen, or for specimens annealed and subsequently exposed t o  ambient 
a i r ,  the  r a t e s  were considerably lower, corresponding t o  a s t i c k i n g  f a c t o r  
of about 0.16. 
t o r r  range show a d e f i n i t e  
A summary of t h e  r eac t ion  r a t e  measurements of oxygen w i t h  Cb-1Zr 
a t  1700°F i s  given i n  Table V, Specimens f o r  test No. 2 were annealed 
b u t  were subsequently exposed t o  ambient air  before  t h e  test exposureo 
The oxygen pressure  f o r  t h i s  tes t  was not  determined due t o  malfunction 
of t h e  i on iza t ion  gauge,, 
ca lcu la ted  from t h e  gas analyses was s l i g h t l y  higher  than t h a t  obtained 
i n  the first test  i n  which t h e  specimen was not  annealed. 
The s t i c k i n g  p robab i l i t y  f o r  t h i s  test ,  as 
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A number of o ther  i nves t iga t ions  have been made of t he  low pressure 
oxidat ion rate of columbium and columbium a l l o y s ,  The two s t u d i e s  most 
per t inent  t o  t h e  present i nves t iga t ion  are those of Hogan, Eimoncelli,  
and Cleary(7) and t h e  r ecen t ly  published da ta  of Ba r re t t  (8) 
w i l l  not be considered here  s ince  they were obtained e i t h e r  on pure 
columbium, i n  a furnace (hot wal l )  system, or a t  oxygen pressures  s o  
high (g rea t e r  than 10 t o r r )  t h a t  gross  sur face  oxides could have formed, 
Measurements of Hogan, e t  a l . ,  w e r e  made i n  an induct ion heated system 
(cold wa l l ) ,  on 0.030-inch- (0.076-cm) t h i c k  mater ia l ,  and t h e  mater ia l  
was cleaned and pickled before  the  test exposure. The da ta  of Ba r re t t  
include a number of var iab les ;  pressure,  temperature, hot and cold wal l  
tests, and zirconium content.  Signif icance of these  va r i ab le s  was deter- 
mined by mul t ip le  l i n e a r  regress ion  ana lys i s .  One set of data ,  however, 
was obtained under condi t ions s imi l a r  t o  those reported here;  t h a t  is, 
an induction-heated (cold wal l )  test with Cb-.75Zr. The specimen (No. 88) 
was 0.050 inch (0.127 cm) t h i c k  and was cleaned and pickled before the  
test exposure. T e s t  condi t ions and specimen prepara t ion  f o r  these  c i t ed  
tests were thus  very s imi l a r  t o  those of t he  present  tests. 
Other da t a  
-5 
Comparison of r eac t ion  r a t e s ,  from the  two s t u d i e s  cited above, 
w i t h  da ta  from the  present i nves t iga t ion  is shown i n  Figure 18. The da ta  
-5 
a t  higher pressures  (above 1 x 10 t o r r )  from Reference 7 a r e  not  shown. 
The th ree  da t a  points  from t h e  present study a r e  f o r  test N o .  1 (not 
annealed),  test  N o .  3 specimen A, and tes t  N O .  4 specimen A (both annealed 
immediately before t h e  test  exposure).  The s t r i k i n g  f e a t u r e  of t h i s  com- 
par ison is  t h a t  t h e  s t i c k i n g  probabi l i ty  on t h e  annealed specimens agrees 
wel l  with t h e  da t a  of Reference 7 (2000'F) while t h e  s t i c k i n g  probabi l i ty  
on the unannealed specimen is  i n  agreement wi th  
(1796OF) 
t h e  da t a  of Reference 8 
I1 Hogan, J. F., Limoncelli,  E .  A * ,  and Cleary, R e  E e 5  Reaction Rate of 
Columbium - 1 Zirconium Alloy with Oxygen a t  Low Pressuresg Report 
TIM-901, P r a t t  and Whitney Ai rc ra f t  (August 24, 1965) 
1 9  
I t  Bar re t t ,  C ,  A., Absorption R a t e  S t ick ing  P r o b a b i l i t i e s  f o r  Oxygen 
on Columbium and Dilute  Columbium - Zirconium Alloys,"  HASA Tld D-4885 
(November 1968) e 
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Figure 18, Comparison of Oxygen Reaction Rates From Several Studies, Rates for 
Annealed Specimens From This Study and the 2000°F Measurements of 
Reference 7 Correspond to Sticking Probability of 0-65. Rate for the 
Unannealed Specimen From This Study and 1796'F Measurements of Reference 
8 Correspond to Sticking Probability of 0.16, All Measurements in 
''Cold Wall" System on Nominal Cb-lZr, 
54  
The most reasonable explanat ion f o r  t h i s  behavior is t h a t  a p a r t i a l l y  
pro tec t ive  f i l m  exis ts  on Cb-1Zr as a r e su l t  of oxidat ion with ambient 
a i r ,  and t h i s  f i l m  p e r s i s t s  a t  temperatures t o  a t  least 1800'F (982OC). 
The r e s u l t  is a r e l a t i v e l y  l o w  reaction rate corresponding t o  a s t i c k i n g  
probabi l i ty  of about 0.16. I f  oxidat ion rate measurements are made a t  
2000'F (1093OC) o r  higher ,  t h i s  sur face  f i l m  is  removed by d i s so lu t ion  of 
oxygen i n  t h e  base metal. Relat ively rap id  r eac t ion  of oxygen occurs on 
the  bare metal sur face  with a s t i c k i n g  p robab i l i t y  of about 0.65. The 
same higher  r eac t ion  r a t e  is obtained a t  lower temperatures (1700°F) i f  
the  p ro tec t ive  f i lm  i s  i n i t i a l l y  removed, a s  f o r  example, by annealing 
a t  2200°F (1204OC). 
poss ib le  explanat ion f o r  d i f fe rences  observed here  between annealed and 
unannealed surfaces ,  and a l s o  f o r  t he  apparent discrepancy between da ta  
of Hogan, e t  a l .  ( 7 )  and Bar re t t .  
( h i s  Table I V )  l i s t s  t h e  s t i c k i n g  p robab i l i t y  on Cb-1Zr for  the  c o l d  wa l l  
case a t  2012OF (llOO°C) a s  0.161. However, t h i s  conclusion must have been 
drawn from h i s  regress ion  analyses, s ince  no r eac t ion  r a t e  da t a  a r e  l i s t e d  
f o r  those condi t ions.  
The pos tu la t ion  of such a mechanism thus g ives  a 
I t  should be noted t h a t  B a r r e t t  
If the  ex is tence  of a p a r t i a l l y  p ro tec t ive  f i l m  i s  i n  f a c t  t h e  cause 
of t he  r e l a t i v e l y  l o w  s t i c k i n g  p robab i l i t y  observed on the  unannealed 
specimens, then, during the  course of t he  oxidat ion exposure, t h i s  f i lm 
w i l l  probably increase  i n  thickness .  I f  it decreased i n  thickness ,  it 
would very l i k e l y  disappear  e n t i r e l y  s ince  i t  i s  so t h i n  ( a  few atomic 
l aye r s  i n  thickness)  a t  t h e  beginning of the  exposure. The r e s u l t  would 
be an eventual  increase  i n  s t i c k i n g  p robab i l i t y .  Since such an increase  
i n  s t i c k i n g  p robab i l i t y  d i d  not occur i n  these  tests, it may be concluded 
t h a t  t he  f i lm  thickness  increases  a t  t h e  oxxdation r a t e s  employed here, 
and may be microscopically v i s i b l e  a t  high enough oxygen contents .  Such 
surface f i l m  has, i n  f a c t ,  been observed a s  shown i n  Figure 19. Figure 
19A shows the  sur face  of specimen A of test  No, 2 wi th  8460 ppm oxygen, 
This photograph c l e a r l y  shows a sur face  l aye r  of Cb 0 e6Zr0 approximately 
6 x loe5 inches (1.4 x low4 cm) th ick .  
exposed t o  ambient a i r  before t h e  t e s t  exposure. A s  shown i n  Figure 19B, 
no such sur face  l a y e r  is  v i s i b l e  on specimen A of test No. 3 which con- 
2 5  2 
This specimen was annealed but 
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E l e c t r o l y t i c  S t a i n  Etch H58011A 
Figure 19A. Surface of Specimen A of T e s t  No. 2 Showing Surface Layer 
of Cb205*6Zr02 Approximately 6 x low5 i n .  (1.4 x lom4 cm) 
Thick. Specimen Contains 8460 ppm Oxygen and w a s  Annealed 
b u t  Exposed t o  Ambient A i r  Before T e s t  Exposure. 
E l e c t r o l y t i c  S t a i n  Etch H5 80 2 1 A  
Figure 19B, Surface of Specimen A of T e s t  No. 3 Shows no Surface Layer 
b u t  Only P r e c i p i t a t e d  Cb205e6Zr02. 
8130 ppm Oxygen and w a s  Annealed Immediately Before t h e  
T e s t  Exposure a 
Specimen Contains 
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t a i n s  8130 ppm oxygen and was annealed immediately before t h e  test  exposure, 
The oxide phase has been i d e n t i f i e d  by X-ray d i f f r a c t i o n  techniques a s  
explained i n  Sect ion V of t h i s  repor t .  
I t  i s  i n t e r e s t i n g  t o  note t h a t ,  i n  a study'g' of the  welding of 
C b - l Z r ,  i t  was reported t h a t  t he  microstructure  of t h e  we ld  metal, a f t e r  
annealing a t  1700°F and 1800°F, showed l i t t l e  d i f f e rence  from t h a t  of t h e  
as-aged we ld .  
i n t r ag ranu la r  p r e c i p i t a t e  j u s t  began t o  appear. This d i s t r i b u t i o n  of 
p r e c i p i t a t e  was q u i t e  d i f f e r e n t  from t h a t  i n  the  as-aged condi t ion and 
d u c t i l e  behavior r e su l t ed .  This r e s u l t  demonstrates t h a t ,  a t  tempera- 
t u r e s  of 1900°F (1073OC) and higher,  the mobil i ty  of t he  cons t i t uen t s  
of t h e  a l loy  i s  s u f f i c i e n t l y  high t o  enable  t h i s  p r e c i p i t a t i o n  r eac t ion  
t o  occur wi th in  a few hours. I t  i s  not unreasonable t o  expect t h a t ,  
a t  t he  same temperature, oxygen a t  t he  sur face  w i l l  d i f f u s e  i n t o  t h e  
bulk metal and p r e c i p i t a t e  as  t h i s  i n t r ag ranu la r  phase. T h i s  i s  p rec i se ly  
what occurs according t o  t h e  mechanism postulated t o  account f o r  t h e  
observed d i f f e rences  i n  s t i c k i n g  probabi l i ty .  
However, upon annealing a t  190O0F, a coherent network of 
In  the  measurements reported here,  the increase  of n i t rogen  was 
qu i t e  small  f o r  a l l  specimens, being less than 50 ppm i n  each casec  This 
observat ion ind ica t e s  an extremely l o w  average s t i c k i n g  f a c t o r  f o r  
ni t rogen under these  conditions.  This r e s u l t  i s  i n  general  accord with 
t h e  conclusion of Inouye (lo' t h a t ,  i n  t h e  r eac t ion  of Cb-1Zr w i t h  n i t rogen,  
t he  r a t e  determining s t e p  f o r  the  r eac t ion  i s  the  d i f fus ion  of ni t rogen 
i n t o  the  a l loy  a f t e r  the  i n i t i a l  r eac t ion  a t  the  surface.  This  i s  i n  
cont ras t  t o  the  oxygen r eac t ion  with Cb-1Zr where t h e  r a t e  con t ro l l i ng  
process i s  the  impingement of oxygen molecules on t h e  surface.  The small  
increase  i n  n i t rogen  content  i n  these  tests i s  thus explained by t h e  
extremely l o w  d i f fus ion  c o e f f i c i e n t  which i s  ca lcu la ted  t o  be 3,5 x 10 
cm sec a t  1700°F (927'C) from the  d a t a  of Reference 10, 
-13 
2 -1 
Franco-Ferreira, E .  A. and Slaughter,  G. M e  Welding Research Supplement, 
pg, 18-S (January 1963). 
(lO'Inouye, H., "High-Temperature Sorpt ion of Nitrogen by Nb-lYZr i n  
Ultrahigh Vacuum," 83NL-4403 (May 1969) e 
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The increase  i n  carbon content i n  these  test  exposures was su rp r i s ing ly  
high. The increase  i n  carbon f o r  tests No.  3 and No, 4 was between 150 
and 200 ppm f o r  the  exposures of 438 and 274 hours, respec t ive ly .  These 
values correspond t o  a carbon reac t ion  r a t e  of about 5 x 10 gm per  
cm per  sec.  The most obvious source of t h i s  carbon is  backstreaming of 
d i f fus ion  pump o i l ,  although the  pumping system contained a l iqu id  ni t rogen-  
cooled b a f f l e .  I t  i s  estimated t h a t  hydrocarbon p a r t i a l  pressure i s  less 
than lo-' t o r r .  Accurate evaluat ion of the  hydrocarbon p a r t i a l  pressures  
would requi re  a knowledge of what spec ies  a re  present  i n  the  system 
and c a l i b r a t i o n  of the  mass spectrometer f o r  these  species .  
-11 
2 
The increase  i n  n i t rogen  and carbon found i n  the  present  study i s  
(11) not incons is ten t  with da t a  obtained a t  O a k  Ridge National Laboratory. 
In  those t e s t s ,  exposure of Cb-1Zr sheet  specimens a t  6.7 x 10 to r r  
n i t rogen  p a r t i a l  pressure f o r  1000 hours caused a n i t rogen  increase  of 
55 ppm or less f o r  temperatures between 618 and 1202OC. 
0.040-inch Cb-1Zr sheet  a t  ORNL i n  a vacuum system (presumably o i l  
d i f fus ion  pumped) w i t h  base pressure of 2.4 x 10 t o r r  f o r  1000 hours 
caused carbon increase  as  high a s  100 ppm. 
-7 
Exposure of 
-7 
I t  has been shown (see Figure 17) t h a t  d e f i n i t e  d i f fe rences  i n  t h e  
maximum value of t o t a l  hemispherical  emittance were obtained depending 
on whether or not t h e  specimens were annealed immediately before the  test 
exposure. This  observat ion can, a t  l e a s t  q u a l i t a t i v e l y ,  be explained i n  
terms of the  postulated mechanism involving formation of a sur face  layer  
on oxidat ion of t he  specimens which w e r e  not  annealed immediately before  
the  test. For t he  unannsaled specimens, or t h e  specimens exposed t o  
ambient a i r  following annealing, ( t e s t  No. 1 and test No. 2) the  sur face  
f i lm  i s  so t h i n  t h a t  it i s  e s s e n t i a l l y  t ransparent  t o  the  e m i t t e d  r ad ia t ion .  
This r e s u l t s  i n  an i n i t i a l  emittance value which i s  t h e  same as  f o r  t he  
specimens without t h e  sur face  f i l m  (test No. 3 and test No. 41, As.the 
11 Thurber, W. C., e t  a l . ,  Recent S tudies  on Columbium-1% Zirconium 
Alloy" i n  High-Temperature Refractory Metals (Metal lurgical  Society 
Conferences Vol, 34, Fountain, R. W,, et a l e ,  E d s . )  Gordon and 
Breach, New York (1966) e 
(11) 
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f i l m  th ickness  increases ,  t he  emittance correspondingly increases  u n t i l ,  
when the  sur face  l a y e r  becomes opaque, a s t a b l e  emittance value is reached 
which i s  c h a r a c t e r i s t i c  of t he  oxide layer .  For specimens of tests No. 
3 and No. 4, i n  which no oxide l aye r  i s  formed, the  smaller  increase  i n  
emittance must be due t o  some o the r  change i n  the  surface.  This could 
be accounted f o r  by an increase  i n  sur face  n i t rogen  or carbon or perhaps 
by merely s t r u c t u r a l  changes i n  t h e  sur face ;  t h a t  is, a purely thermal 
e f f e c t  not  r e l a t ed  t o  t h e  contamination, 
Other s t u d i e s ( l 2 )  of' the  emittance of Cb-1Zr a l s o  showed changes i n  
emittance which were not  f u l l y  explained. The emittance was found t o  
depend on the  temperature t o  which the  specimen was heated and was s t a b l e  
i f  t h a t  temperature was not exceeded on repeated heat ing.  The mensure- 
-6 
ments were made a t  p ressure  of 5 x 10 t o r r  and, apparently,  some 
surface r eac t ion  had occured s ince  a t h i n  w h i t e  sur face  f i lm  was formed 
during t h e  thermal treatment.  
I1 McElroy, De Le, and Koll ie ,  T. G . ,  Measurement of Thermal Radiation 
P rope r t i e s  of Sol ids ,  NASA SP-31 (Symposium a t  Dayton, Ohio, Sept. 5, 
6 ,  7, 1962). 
(12) 
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V. EVALUATION OF Cb-1Zr TEST SPEC1 S AFTER EXPOSURE 
Evaluation of the  Cb-1Zr test specimens included v i s u a l  examination, 
chemical analyses,  t e n s i l e  tests, s t ress - rupture  test, bend test, micro- 
hardness tests, X-ray d i f f r a c t i o n ,  and metallographic examination. Of 
t h e  seven test specimens exposed, mechanical tests were performed on f ive .  
The we lded  s t r i p  of test  No. 3 was not  completely evaluated s ince ,  with 
such high oxygen content  (7080 ppm) it was expected t o  be extremely 
b r i t t l e ,  a s  judged from the  r e s u l t s  of mechanical tests of the  w e l d e d  
specimen of t e s t  No .  4. Specimen A of test No. 3 (pickled and annealed) 
was not completely evaluated s ince  it had e s s e n t i a l l y  t h e  same chemical 
composition a s  specimen A of test No. 2. 
A s  has been discussed i n  previous sec t ions ,  a l l  specimens except 
specimen A of test No. 1 were annealed a t  2200°F f o r  1 hour before  t h e  
test exposure. The purpose of the  annealing was t o  prevent embrittlement 
of w e l d s  by an aging r eac t ion  during the  test exposure. It should be 
noted t h a t  some welding was performed on a l l  specimens, although only two 
a re  denoted as  w e l d  specimens. Other specimens contained a w e l d  t o  
j o i n  the  longi tudina l  t o  the  t ransverse  sec t ions .  
11 I f  
Samples f o r  eva lua t ion  were cut  from each specimen only i n  the  region 
i n  which uniform temperature was obtained during the  exposure. N o  samples 
were taken within 2 inches of t he  end e l ec t rodes  nor within one inch of 
the  cen te r  w e l d ,  i n  t he  case of specimens with both longi tudina l  and t r ans -  
verse  sec t ions .  
A. Visual Examination 
Visual examination of each of the  s t r i p s  a f t e r  t h e  test  exposure 
revealed nothing of an unusual nature.  There were no sur face  d isco lora-  
t i ons ,  cracking, or apparent surf  ace r eac t ions  r e s u l t i n g  from exposures 
of t h e  test  s t r i p s  a t  t h e  various oxygen p a r t i a l  pressures .  
B. Chemical Analyses 
P o s t t e s t  samples f o r  chemical analyses  w e r e  removed from each s t r i p  
a t  var ious loca t ions  along the  length.  Samples w e r e  analyzed for  oxygen, 
ni t rogen,  and hydrogen by the  vacuum fusion method and €or carbon by the  
combustion conductometric technique. The complete r e s u l t s  of t h e  chemical 
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analyses a r e  presented i n  Table V I .  These r e s u l t s  i n d i c a t e  r e l a t i v e l y  
uniform oxygen contamination throughout t he  base metal  of t h e  test  specimens. 
The l o c a l  oxygen concent ra t ion  of the  w e l d  j o i n i n g  t h e  long i tud ina l  and 
t ransverse  sec t ions  was found t o  be lower than t h e  adjacent base metal. 
This i s  due t o  the  increased th ickness  a t  t h e  w e l d  from addi t ion  of f i l l e r  
metal and subsequent d i l u t i o n  of contaminants dur ing  test exposure. The 
oxygen concent ra t ion  of t h e  w e l d  metal  of t h e  specimen of test  N o .  1 was 
3000 ppm compared t o  t h e  base metal oxygen concent ra t ion  of 5990 ppm. 
Analyses of w e l d  metal of t h e  g r i t -b l a s t ed  s t r i p  of test N o .  2 showed 
6200 ppm oxygen a s  compared t o  t h e  base metal  oxygen concent ra t ion  of 
9670 ppm. 
C. Tens i le  T e s t s  
Room temperature t e n s i l e  tests and t e n s i l e  tests a t  1700'F i n  vacuum 
were performed t o  determine t h e  e f f e c t s  of oxygen contamination on the 
u l t ima te  t e n s i l e  s t r eng th ,  y i e ld  s t rength ,  and d u c t i l i t y  of t h e  metal. 
The r e s u l t s  of t h e  room temperature t e n s i l e  tests are presented i n  Table 
V I I .  Generally, higher oxygen content causes an inc rease  i n  s t r e n g t h  and 
decrease i n  d u c t i l i t y .  This  i s  apparent i n  Figure 20 where u l t ima te  
t e n s i l e  s t r eng th  and e longat ion  a r e  p l o t t e d  aga ins t  oxygen content  f o r  
the specimen w i t h  bare  sur face  and o r i e n t a t i o n  p a r a l l e l  t o  t h e  r o l l i n g  
d i r e c t i o n  ( long i tud ina l  o r i e n t a t i o n ) .  The u l t ima te  t e n s i l e  s t r e n g t h  
increases  w i t h  oxygen concent ra t ion  t o  about 6000 ppm where the  s t r e n g t h  
i s  g r e a t e r  than t h e  as-received value by nea r ly  a f a c t o r  of 3 .  The 
e longat ion  decreases more gradual ly  and, a t  6000 ppm, is  about h a l f  of 
t h e  as-received value. A t  oxygen concent ra t ion  g r e a t e r  than 6000 ppm, 
the  u l t ima te  t e n s i l e  s t r e n g t h  increases  more gradual ly  w h i l e  t h e  elonga- 
t i o n  f a l l s  r a t h e r  r ap id ly  u n t i l  very l i t t l e  i f  any d u c t i l i t y  remains 
above 8000 ppm. 
The u l t ima te  t e n s i l e  s t r e n g t h  of t h e  g r i t -b l a s t ed  s t r i p  wi th  9670 
ppm oxygen i s  apparently less than t h a t  of t h e  bare su r face  specimen 
conta in ing  8460 ppm, However, t he  g r i t -b l a s t ed  s t r i p  exhib i ted  e s s e n t i a l l y  
zero  e longat ion  and t h e  v a l i d i t y  of t e n s i l e  tests of such b r i t t l e  ma te r i a l  
i s  ques t ionable ,  
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The long i tud ina l ly  w e l d e d  s t r i p  of test N o .  4 conta in ing  4210 ppm 
oxygen (weld metal concentration) was machined i n  such a way t h a t  t h e  
gauge s e c t i o n  of t h e  t e n s i l e  specimen w a s  e n t i r e l y  w e l d  metal, This  
allowed f o r  eva lua t ion  of t h e  contaminated w e l d  and f o r  a comparison 
w i t h  t h e  s t r e n g t h  of t h e  base metal  which had been contaminated t o  the  
same l eve l .  The r e s u l t s  ind ica ted  the  s t r e n g t h  of t h e  w e l d  metal  t o  
be s l i g h t l y  less than the  s t r e n g t h  of t h e  as-received ma te r i a l  and 
approximately equal  t o  ha l f  t h e  s t r eng th  of t he  sur f  ace-pickled and 
annealed s t r i p  of t h e  same tes t  conta in ing  a s i m i l a r  oxygen concent ra t ion  
of 4430 ppm oxygen. The d u c t i l i t y  of the w e l d  metal  i s  e s s e n t i a l l y  n i l  
a s  compared t o  t h e  d u c t i l i t y  of t h e  bare s t r i p  conta in ing  a comparable 
amount of oxygen. 
Comparison of room temperature t e n s i l e  tests of samples of t h e  same 
specimen shows l i t t l e  effect  of specimen o r i e n t a t i o n  on the u l t i m a t e  
t e n s i l e  s t r eng th .  There is, however, a somewhat smaller e longat ion  
obtained i n  t h e  t r ansve r se  d i r e c t i o n  than  i n  t h e  long i tud ina l  d i r e c t i o n .  
Resul t s  of t e n s i l e  tests i n  vacuum a t  1700'F a r e  shown i n  Table V I I I .  
With increas ing  oxygen content t h e r e  i s  a corresponding increase  i n  
s t r eng th  a t  1700'F up t o  about 6000 ppm oxygen. 
w i t h  g r i t - b l a s t e d  sur face  and 9670 ppm oxygen had l o w e r  u l t ima te  t e n s i l e  
However, t he  specimen 
s t r eng th  a t  170O0F than t h e  bare sur face  specimen w i t h  5990 ppm oxygen. 
I n  con t r a s t  t o  t h e  room temperature elongation, t h e  t e n s i l e  elonga- 
t i o n  a t  170O0F f o r  samples tested i n  the long i tud ina l  d i r e c t i o n  was 
about t h e  same f o r  oxygen concentrations between 4430 and 9670 ppm. 
D. Stress-Rupture Tes t ing  of Welded Specimen 
St ress - rupture  tests were performed on t h e  long i tud ina l ly  w e l d e d  
and annealed specimen ( tes t  exposure N o .  4) with 4210 ppm oxygen. The 
test specimens were machined i n  such a way t h a t  t h e  gauge sec t ions  were 
e n t i r e l y  w e l d  metal. The tests were performed a t  1700'F and 10 t o r r  
t o t a l  pressure.  Rupture was not obtained i n  15 hours a t  stress l e v e l s  
of 20 and 30 k s i  w i t h  e longat ions  of only 0.2 and 0 ,3  percent,  r e spec t ive ly .  
Additional t e s t i n g  would be required i n  o rde r  t o  ob ta in  more d e f i n i t i v e  
da ta  on s t r e s s - rup tu re  p rope r t i e s .  
-6 
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E., Bend Tes t ing  
A s i n g l e  bend test  w a s  performed on t h e  specimen of test No. 1 
a f t e r  contamination t o  a l e v e l  of 5990 ppm oxygen. A 0.031-inch x 
1.0-inch x 2-O-inch sample was bent 90° a t  room temperature us ing  a 
2t rad ius  and a load r a t e  of 0.025 inch pe r  minute. The specimen 
exhibi ted d u c t i l e  behavior as shown i n  Figure 21. After  t h e  sample 
reached a bend angle of 90°9 t h e  load w a s  removed and 20° spring-back 
was observed. 
A series of bend tests a t  var ious temperatures was performed on 
the  long i tud ina l ly  welded specimen of test exposure No, 4 which con- 
tained 4210 ppm oxygen i n  an attempt t o  determine t h e  d u c t i l e - b r i t t l e  
bend t r a n s i t i o n  temperature. The tes t  temperature w a s  achieved by 
immersing t h e  test sample mounted on t h e  V e e  block i n  a cons tan t  tempera- 
t u r e  bath. Temperature w a s  measured us ing  a copper-constantan thermo- 
couple a t tached t o  t h e  bend test  V e e  block. The samples were bent 90° 
with the  w e l d  face  i n  tens ion  and the  bending a x i s  perpendicular  t o  
the  w e l d  ax is .  A load r a t e  of 0.2 inch per  minute was used w i t h  an 
a n v i l  of It (0.031-inch) radius .  The bend test r e s u l t s  for temperatures 
between 32O and 550°F a r e  shown i n  Table I X  and Figure 22. The test 
samples a l l  cracked i n  t h e  weld metal a t  very l o w  bend angles.  From 
these  r e s u l t s ,  t h e  bend t r a n s i t i o n  temperature is  estimated t o  be w e l l  
above 550°F. 
The bend test r e s u l t s  a r e  cons i s t en t  with t h e  t e n s i l e  e longat ion 
measurements discussed above, The welded and annealed s t r i p  contaminated 
t o  4210 ppm oxygen e x h i b i t s  very l i t t l e  room temperature d u c t i l i t y .  
A f t e r  i t  was determined t h a t  t he  bend t r a n s i t i o n  temperature f o r  t h e  
welded specimen was about 550°F, a sample was vacuum annealed a t  2200'F 
f o r  one hour i n  an attempt t o  improve t h e  d u c t i l i t y ,  T h i s  sample was 
subsequently bend tested a t  room temperature us ing  the same parameters 
as  i n  t h e  previous tests. The weld metal again cracked on bending. 
F. Metallographic Examination - X-Ray Di f f r ac t ion  
Metallographic examination of t he  contaminated specimens genera l ly  
68 
Figure 21. Room Temperature Bend Sample of Cb-1Zr Sheet Containing 5990 ppm 
Oxygen. Sample From Test Exposure No. 1. (P69-1-35B) 
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TABLE IX 
BEND TESTS OF OXYGEN CONTAMINATED, IBNGITUDINALLY 
WELDED TEST STRIP 
Oxygen 
Concentrat ion 
( PPm) 
4210 
4210 
4210 
4210 
4210 
4210 
Tes t  Heat U l t  imate 
Temperature Trans fe r  Lo ad 
( O F )  Media ( lbs )  
32 Water 48.6 
75 A i r  46.3 
A i  r 42.6 
200 F-50 Silicone 49.2 
Base O i l  
500 F-50 Silicone 56-0 
Base Oil 
550 F-50 S i l i c o n e  45.2 
Base O i l  
Bend 
Tes t  
Resu l t s  
Cracked 
i n  Weld 
Cracked 
i n  Weld 
Cracked 
i n  Weld 
Cracked 
i n  Weld 
Cracked 
i n  Weld 
Cracked 
i n  Weld 
Bend 
Angle 
(Degrees) 
7.2 
7.2 
7 .2  
9.0 
12.6 
13.0 
(a) Specimen h e a t  t r e a t e d  1 hour a t  2200'F i n  vacuum a f t e r  oxygen 
contamination and pr ior  t o  bending. 
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revealed r e l a t i v e l y  l a rge  amounts of i n t e rg ranu la r  p r e c i p i t a t e .  A method 
of anodic s t a in ing ( l3 )  was used t o  d i s t ingu i sh  between the  phases 
present  wi th in  the  sample. With t h i s  technique, d i f f e r e n t  phases pro- 
duce d i f f e r e n t  i n t e r f e rence  co lo r s  depending upon the  composition and 
s t ruc tu re .  To i d e n t i f y  the  phases present ,  se lec ted  samples were obtained 
from the  test  specimens by bromine ex t r ac t ion  techniques and examined 
by X-ray d i f f r a c t i o n .  Resul ts  of the  phase i d e n t i f i c a t i o n  by X-ray 
d i f f r a c t i o n  a re  given i n  Table X. I n  each sample, t he  major phase 
detected was Cb 0 06Zr0 A minor phase of Cb N and a t r a c e  of monoclinic 
Z r O  were a l s o  found. In  the  sample w i t h  h ighest  oxygen concentrat ion 
(9670 ppm) a submajor phase of CbO was also detected.  Data from a 
t y p i c a l  X-ray d i f f r a c t i o n  spectrum i s  given i n  Table X I .  
2 5  2' 2 
2 
Figure 23 shows the  microstructure  of t h e  contaminated parent  metal 
with var ious  oxygen concentrat ions.  I n  each case,  the  major p rec ip i t a t ed  
phase i s  Cb 0 06ZrO2, which tends t o  concent ra te  i n  the  g ra in  boundaries. 
Rela t ive ly  more p r e c i p i t a t e  may be noted a t  5990 ppm than a t  4430 ppm 
oxygen. I n  the  specimen w i t h  9670 ppm oxygen, CbO p r e c i p i t a t e  i s  a l s o  
found i n  g ra in  boundaries near t h e  surface.  A sur face  l aye r  of Cb 0 .6Zr0 
may a l s o  be seen on t h i s  specimen. Note t h a t  t h i s  specimen was con- 
taminated during t h e  same test a s  the  specimen shown i n  Figure 19B 
which a l s o  had a v i s i b l e  sur face  oxide f i lm.  
2 5  
2 2 5  
Figure 24 i s  a composite of the  w e l d ,  heat-affected zone, and 
parent  metal of t h e  longi tudina l ly  w e l d e d  s t r i p  of test No. 4 containing 
4210 ppm oxygen, I t  may be noted t h a t  t h e  in t e rg ranu la r  p r e c i p i t a t e  of 
Cb 0 -6Zr0 near ly  completely covers t h e  g ra in  boundaries of the  l a rge  
gra ins  i n  the  w e l d .  This may be seen more c l e a r l y  i n  Figure 25 which 
shows the  microstructure  of t he  w e l d  metal  a t  higher  magnification. 
2 5  2 
G e M i  croh ardne s s 
Microhardness surveys were made on those samples se lec ted  f o r  
metallographic examination i n  order  t o  obta in  some indica t ion  of t he  
R. S. Crouse, I d e n t i f i c a t i o n  of Carbides, N i t r i d e s ,  and Oxides of 
Niobium and Niobium Alloys by Anodic Staining,  ORNL-3821 ( J u l y  1965). 
(13) 
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TABLE X 
PHASE IDENTIFICATION BY X-RAY DIFFRACTION OF EXTRACTED 
SAMPU3S FROM Cb-1Zr TEST SPECIMENS 
Oxygen 
Concentration Phases Re 1 at ive 
Test Specimen (PPm) Detected Amount 
Test # 4  - Specimen B 4210 Cb 0 .6Zr02 Major 
Cb2N Minor 
Trace Monoclinic ZrO 
2 5  
Weld Metal 
2 
Test # 4  - Specimen A 
Test #1 - Specimen A 
Test # 2  - Specimen B 
4430 
5990 
9670 
Cb 0 .6Zr02 Major 
Cb2N Minor 
Trace Monoclinic ZrO 
2 5  
2 
Cb 0 .6Zr02 Major 
Cb2N Minor 
Trace Monoclinic ZrO 
2 5  
2 
Cb205. 6Zr02 Major 
CbO Su b-ma j or 
Cb2N Minoy 
Trace 2 Monoclinic ZrO 
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TABS33 X I  
TYPICAL X-RAY DIFFRACTION SPECTRUM - 
SPECIMEN FROM TEST NO. 1 (5990 PPM OXYGEN) 
0 
3.64 
3.15 
2.94 
2.85 
2,680 
2.62 
2.53 
2,475 
2.38 
2.36 
2.34 
2.08 
1.82 
1.80 
1.79 
1.710 
1.649 
1.577 
1 e 563 
1.529 
1.510 
1 477 
1,405 
1.322 
1 314 
1 e 294 
R e  1 a t  i v e  
I n t e n s i t y  
W 
W 
S 
W 
W* 
vw 
Mw 
Mw 
W 
* 
S* 
W 
vw 
MS 
M 
MW 
vw 
W 
W 
W 
M 
W 
W 
W* 
vw* 
W* 
vw 
h k l  
10 1 
-
111 
100 
002 
0 20 
002, 200 
012 
10 1 
021 
121 
022 
102,202 
220 
212 
103 
113 
110 
131 
311 
222 
103 
112 
004 
20 P 
I d e n t i f i c a t i o n  
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H27011B 
Specimen A, T e s t  No.  4 .  4430 ppm Oxygen 
MB-567L 
Specimen From Test No. 1. 5990 ppm Oxygen 
G95011E 
Specimen B ,  T e s t  No. 2. 9670 ppm Oxygen 
Figure 23, Parent  Metal With Various Oxygen Concentrations,  
E l e c t r o l y t i c  S t a i n  Etch. 
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uniformity of the oxygen concentration thoughout the specimen thickness. 
Results of microhardness traverses taken from the surface of the specimen 
through the half-thickness are shown in Figure 26. These data indicate 
a relatively uniform hardness except for the specimen from test No. 1 
m oxygen) in which a hardness gradient extends to a depth of about 
8 mils. The uniform hardness throughout the thickness indicates uniform 
oxygen concentration. It is thus concluded that, under conditions of 
these test exposures, the oxygen diffusion rate through Cb-1Zr is greater 
than the surface reaction rate. 
The increase in hardness with oxygen concentration is shown in Figure 
27 where the central (or half -thickness) hardness is plotted against 
oxygen concentration. 
H .  Discussion of Evaluation Results 
With homogeneous addition of oxygen to Cb-1Zr at 1700'F (927OC) 
there is a concurrent increase in ultimate and yield strengths and a 
decrease in ductility. These property changes are consistent with the 
observed changes in microstructure and hardness. It should be noted 
that these effects are similar to the well-documented (9'14' 15) age harden- 
ing effects in the Cb-1Zr alloys even though the microstructural changes 
are quite different. As-cast or as-welded Cb-1Zr is subject to embrittle- 
ment upon high-temperature aging in the temperature range 1500° to 1800'F 
(816' to 982OC) for periods of the order of 100 hours. This embrittlement 
is caused by a finely dispersed intragranular oxide precipitate which may 
he submicroscopic, Annealing in the temperature range from 1900° to 
2200°F (1038O to 1204OC) results in formation of larger precipitated 
particles (overaging) which minimizes embrittlement upon subsequent heat- 
ing at lower temperatures. 
I t  (I4) Hobson, D. O., Aging Phenomena in Columbium-Base Alloys" in High- 
Temperature Materials I1 (Metallurgical Society Conferences Vol. 18, 
Ault, 6. M., et al., Eds.) Gordon and Breach, New York (1963). 
(I5) Stewart, J. R., kiberman, W., and Rowe, 6 .  H a ,  "Recovery and Re- 
crystallization of Columbium-1 .O% Zirconium Alloy'' in Columbium 
Metallurgy (Metallurgical Society Conferences Vol. 10, Douglas and 
Kung, Eds.) Interscience, New York (1961). 
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In  con t r a s t  t o  t h i s  behavior, t h e  r e l a t i v e l y  high l e v e l  of oxygen con- 
tamination i n  the  present  study caused embrittlement by massive p r e c i p i t a -  
t i o n  of oxides i n  the  g ra in  boundaries, r a t h e r  than by the  f i n e  in t r ag ranu la r  
p r e c i p i t a t e  found i n  the  aging reac t ions .  I n  addi t ion ,  a l l  test specimens 
i n  t h i s  study (except t h e  specimen of test No.  1) w e r e  annealed i n  order  t o  
prevent embrittlement of the mater ia l  by an aging r e a c t i o n  which might have 
occurred dur ing  t h e  course of the contamination exposures. 
Cb-lZr, w e l d e d  and annealed, i s  considerably more s e n s i t i v e  t o  oxygen 
concentration than i s  the  parent  metal, A t  4300 ppm oxygen t h e  w e l d  metal  
i s  b r i t t l e ,  while a t  6000 ppm oxygen t h e  parent  metal  is  s t i l l  q u i t e  d u c t i l e .  
The reason f o r  t h i s  seems t o  be simply a mat te r  of g r a i n  s i z e .  Since t h e  
g ra ins  i n  t h e  w e l d  a r e  so la rge ,  a r e l a t i v e l y  smal le r  amount of oxygen 
c r e a t e s  s u f f i c i e n t  oxide p r e c i p i t a t e  t o  nea r ly  completely cover t h e  g ra in  
boundaries r e s u l t i n g  i n  b r i t t l e  behavior. This may be seen q u i t e  c l e a r l y  
i n  Figure 25. A t  an equiva len t  oxygen concentration, the  oxide i s  more 
dispersed i n  the  smaller g ra ins  of t h e  parent  metal a s  can be seen i n  
Figure 24. Since t h e  embrittlement of the w e l d  metal  i s  due b a s i c a l l y  t o  
t h e  comparatively l a r g e  g r a i n  s i ze ,  i t  might be expected t h a t  postweld 
annealing would have l i t t l e  i f  any effect  on t h i s  process,  s ince  annealing 
does not  appreciably change the  g ra in  s i z e .  
I t  was a l s o  found t h a t  d u c t i l i t y  of t h e  long i tud ina l ly  w e l d e d  and con- 
taminated specimen (specimen B of test No.  4) could not  be r e s to red  by t h e  
usua l  annealing treatment of 2200'F for one hour. Th i s  i n d i c a t e s  t h a t  the 
massive oxide p r e c i p i t a t e  formed by the  i n t e n t i o n a l  ox ida t ion  cannot be 
r ead i ly  r e d i s t r i b u t e d  by subsequent hea t  treatment so a s  t o  produce a 
d u c t i l e  s t r u c t u r e .  
was found t h a t  contaminated Cb-1Zr  w i t h  4200 ppm is  b r i t t l e  a s  w e l d e d  but 
regained good d u c t i l i t y  a f t e r  annealing. I t  thus  appears t h a t  t h i s  sequence 
of oxygen addi t ion ,  welding, and annealing produces a d i f f e r e n t  d i s t r i b u -  
t i o n  of oxide p r e c i p i t a t e  and hence better d u c t i l i t y  than does t h e  sequence 
of welding, annealing, oxygen addi t ion ,  and re-annealing which was employed 
i n  t h e  present  s tudy,  
I n  the  welding study"' p rev ious ly  referred to ,  it 
I t  i s  i n t e r e s t i n g  t o  note  t h a t  t h e  major p r e c i p i t a t e d  oxide phase 
found i n  the  contaminated specimens of t h e  present  study was the  complex oxide, 
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Cb2O5~6Zr0 ,with a minor phase of monoclinic Z r O  
the  f i r s t  time t h a t  t h i s  complex oxide has  been i d e n t i f i e d  i n  t h e  p r e c i p i t a t e  
from Cb-Zr a l loys .  
Apparently, t h i s  i s  2 2" 
Hogan, e t  a d ' )  i d e n t i f i e d  monoclinic Z r O  by e l ec t ron  2 
d i f f r a c t i o n  of ex t rac ted  p a r t i c l e s  from t h e i r  contaminated specimens. 
Several  c r y s t a l l i n e  forms of ZrO 
found i n  as-cast  Cb-1Zr by Stewart, e t  a l .  (15) using electron d i f f r a c t i o n  
analyses.  
found Z r O  i n  t h e i r  specimens by X-ray d i f f r a c t i o n  techniques. 
as w e l l  a s  unindent i f ied phases were 2 
Barber and Morton, (16' i n  t h e i r  study of t he  Cb-Zr-0 system, 
2 
I t  should f i rs t  be recognized t h a t  i n t e r p r e t a t i o n  of p a t t e r n s  from 
t h e  ex t rac ted  residue i s  qu i t e  d i f f i c u l t ,  e spec ia l ly  when mul t ip le  phases 
of s imi l a r  s t r u c t u r e  a re  present.  There i s  thus  t h e  p o s s i b i l i t y  of m i s -  
i n t e r p r e t a t i o n  of the  p a t t e r n s  on the  p a r t  of any of the  inves t iga to r s ,  
the  present  study included, On t he  o t h e r  hand, t h e r e  is  equal  p o s s i b i l i t y  
t h a t  the  compositions, t i m e ,  and temperature of t h e  present  study a re  such 
as  to  allow the  e q u i l i b r a t i o n  of t he  complex oxide phase while such condi- 
t i ons  were not imposed i n  the  o the r  
The ex is tence  of t h e  compound, 
work of Roth and Coughanour (17' who 
inves t iga t ions  c i t ed .  
Cb2O5-6ZrO2 was f i rmly es tab l i shed  by 
inves t iga ted  phase r e l a t i o n s  i n  the  
Cb 0 -ZrO system. The s t r u c t u r e  of t h i s  compound i s  orthorhombic and 
i t  melts incongruently a t  about 3040°F (167OOC). There seems t o  be no 
fundamental reason why i t  could not p r e c i p i t a t e  a s  a r e s u l t  of oxidat ion 
of Cb-1Zr e 
2 5  2 
I 1  (16) Barber, A.  C. and Morton, P. H., A Study of the  Niobium-Zirconium- 
Carbon and Niobium-Zirconium Oxygen Systems" i n  High-Temperature 
Refractory Metals Pa r t  2 (Metal lurgical  Society Conferences V o l .  34, 
Gordon and Breach, New York (1966). 
81 

V I .  SUMMARY AND CONCLUSIONS 
F l a t  shee t  specimens of Cb-1Zr were exposed a t  1700°F (927OC) i n  
a vacuum chamber a t  var ious  l e v e l s  of t o t a l  p ressure  i n  t he  10 t o r r  
range. Pressure  l e v e l s  w e r e  maintained by con t ro l l ed  in-leakage of a i r .  
Oxygen r e a c t s  r ap id ly  with Cb-1Zr under these  conditions,  and exposure 
times were adjusted t o  g ive  various f i n a l  oxygen content of the specimens 
between 4000 and 9000 ppm. I t  was shown t h a t  t he  r e l a t i v e  gas composition 
depends on t h e  parameter -where a is  the  oxygen s t i c k i n g  p robab i l i t y ,  
A t he  exposed area  of t h e  specimen, and S i s  the  pumping speed of t h e  vacuum 
sys tem.  Thus by measurement of t he  r e l a t i v e  gas composition and t h e  system 
pumping speed, a could be ca lcu la ted  a t  var ious  t i m e s  during t h e  test  exposure. 
The values of a, averaged over t he  test exposure t i m e ,  were i n  good agree- 
ment w i t h  t h e  o v e r a l l  e f f e c t i v e  value of a ca l cu la t ed  from t h e  f i n a l  oxygen 
content of t h e  specimen. 
-6 
aA 
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Evaluation of t h e  contaminated specimens included chemical, metallographic,  
and X-ray d i f f r a c t i o n  analyses, along w i t h  t e n s i l e ,  stress rupture ,  and bend 
t r a n s i t i o n  temperature determinations on se l ec t ed  specimens. 
A summary of t h e  s i g n i f i c a n t  t e s t  parameters and eva lua t ion  c r i t e r i a  
for t h e  seven test  specimens i s  a s  follows: 
SDecimen Pretreatment 
1. P ick l ing  - sheet ma te r i a l  was pickled before specimen f a b r i c a t i o n ;  
2. Annealing - a) one specimen no t  annealed; 
b) two specimens annealed but exposed t o  ambient 
a i r  before test  exposure; 
c) f o u r  specimens annealed immediately before test 
exposure; 
3. Surface Roughness - one specimen g r i t  b las ted  before exposure; 
4. Welding - two specimens contained fu l l - l eng th  GTA w e l d s ;  
5. Or i en ta t ion  t o  Rolling Direc t ion  - f i v e  specimens contained both 
long i tud ina l  and t r ansve r se  sec t ions .  
SDecimen Emosure Conditions 
1. Temperature - 1700°F (927OC); 
2. Oxygen P a r t i a l  Pressure  - 10 t o r r  range; -a 
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3. Exposure Time- 200 t o  500 hours. 
Evaluation C r i t e r i a  
1. Oxygen Content a f t e r  Exposure - 4000 t o  9000 ppm; 
2. Oxygen Reaction Rate - approximately 2 x 10 gm/cm see ;  
3. Microstructure and i d e n t i t y  of p r e c i p i t a t e d  phases; 
4. D u c t i l i t y ;  
5 .  Strength ;  
6. Hardness. 
-9 2 
From t h e  r e s u l t s  of these tests, t he  following s i g n i f i c a n t  con- 
c lus ions  a r e  obtained: 
1. Under the  condi t ions  of these tests, t h e  r a t e  of r e a c t i o n  o f  
Cb-1Zr  with oxygen i s  s i g n i f i c a n t l y  reduced by t h e  presence of 
a normally undetec tab le  oxide f i l m  which i s  present  on t h e  su r face  
a s  a r e s u l t  of ox ida t ion  wi th  ambient a i r ,  A t  temperatures above 
about 1900°F (1038OC) t h e  f i l m  i s  removed by d i s s o l u t i o n  of t h e  
oxygen i n  the  bulk mater ia l .  The r e s u l t  i s  a much h igher  r eac t ion  
r a t e  corresponding t o  a s t i c k i n g  p r o b a b i l i t y  of about 0.65. I f  
t h e  oxide f i l m  i s  i n i t i a l l y  present ,  i t  w i l l  increase  i n  th ickness  
a t  oxygen p a r t i a l  p ressures  i n  t h e  10 t o r r  range and tempera- -7 
scop ica l ly  v i s i b l e  a f t e r  ox ida t ion  t o  about 8000 ppm oxygen. 
2. The r e a c t i o n  of n i t rogen  w i t h  Cb-1Zr i s  d i f f u s i o n  r a t e  l i m i t e d  
-6 a t  1700'F (927OC) and n i t rogen  p a r t i a l  p ressures  i n  t h e  10 
For a l l  tests, t h e  t o t a l  n i t rogen  inc rease  was less than  50 ppm. 
t o r r  range. 
3.  An increase  i n  carbon content of about 200 ppm was genera l ly  
observed. This i s  presumably due t o  r e a c t i o n  with backstreaming 
o i l  from the  d i f f u s i o n  pump. 
4. Under the  condi t ions  of these tests,  an inc rease  i n  t o t a l  
hemispherical  emittance occurs over t h e  i n i t i a l  100 hours of 
t es t  exposure, For specimens w i t h  t he  s u r f a c e  oxide f i l m ,  n 
maximum emittance of about 0.34 i s  obtained. For specimens w i t h -  
ou t  t h e  oxide layer ,  a maximum emittance of about 0 .24  i s  obtained. 
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5. The r a t e  of oxidat ion of the  base metal  sur face  i s  about 14 
percent higher  than the  r a t e  on the  w e l d e d  ( fus ion  zone) 
mater ia l .  The r a t e  of oxidat ion of a g r i t -b l a s t ed  sur face  is  
about 11 percent higher  than t h e  r a t e  on the  base metal sur face .  
6. Cb-1Zr a l loy  i s  considerably strengthened by addi t ion  of oxygen 
up t o  an oxygen content  of about 6000 ppm, while s t i l l  maintain- 
i ng  reasonably good room temperature d u c t i l i t y .  A t  h igher  oxygen 
contents ,  serious loss of d u c t i l i t y  occurs  w i t h  l i t t l e  add i t iona l  
s t rengthening.  
7 .  Cb-1Zr a l loy ,  w e l d e d  and annealed, i s  considerably more s e n s i t i v e  t o  
oxygen content than t h e  base metal. Af t e r  addi t ion  of 4300 ppm 
oxygen, t he  w e l d  metal is  b r i t t l e  a t  room temperature, and the  bend 
t r a n s i t i o n  temperature appears t o  be above 550'F (29OOC). 
8. Prolonged exposure of Cb-1Zr t o  a i r  a t  a t o t a l  p ressure  i n  the  
lom6 t o r r  range r e s u l t s  i n  massive g ra in  boundary p r e c i p i t a t i o n  
of Cb 0 .6Zr02. 
detected.  A t  oxygen concentrat ion g r e a t e r  than 9000 ppm, a CbO 
phase is  a l so  observed near t h e  surface.  
Minor phases of Cb N and Z r O  can a l s o  be 2 5  2 2 
9. The increase i n  s t r eng th  and reduct ion i n  d u c t i l i t y  w i t h  increasing 
oxygen content i s  - not the  r e s u l t  of aging i n  e i t h e r  t h e  w e l d  
metal  or  base metal, but i s  r a t h e r  the r e s u l t  o f  t he  formation 
of a b r i t t l e  oxide phase along the  g ra in  boundaries. 
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APPENDIX 
CAPSULJ3 HEAT 
The o r i g i n a l  cont rac t  required the  t e s t i n g  of t w o  bellows capsules,  
f i l l e d  with l i th ium f luo r ide ,  and coated with i r o n  t i t a n a t e ,  These 
capsules were 3.25 inch OD with a convoluted por t ion  10 inches long. An 
inner  tube,le25-inch OD,passes completely through t h e  capsule. The l i th ium 
f l u o r i d e  was contained wi th in  the  space between the  inner  tube and the  
convoluted port ion.  In  order  t o  maintain the  proper f r eez ing  p a t t e r n  of 
the  LiF,  heat  i s  rejected on the  i n t e r i o r  of t h e  inner  tube by r ad ia t ion  
t o  an a i r  cool ing tube, sealed from the  vacuum system. The capsule  was 
required t o  be cycled from 1500°F (816OC) t o  1700°F (927OC) i n  60 minutes 
and back t o  1500OF i n  36 minutes, 
over t he  test  dura t ion  of 1000 hours, A complete desc r ip t ion  of t h e  
l i th ium f luo r ide  f i l l e d  capsules and t h e i r  thermal behavior during tempera- 
t u r e  cyc l ing  is  given elsewhere. 
This cycle  was t o  have been repeated 
(18) 
The test  exposure condi t ions placed severe r e s t r i c t i o n s  on t h e  capsule 
heat ing system. Since the  capsule had t o  be exposed t o  the  chamber environ- 
ment, no thermal sh ie ld ing  could be employed t o  r e s t r i c t  r ad ian t  hea t  loss 
from the  capsule.  I n  order  t o  maintain t h e  proper melting and f reez ing  
p a t t e r n  i n  t h e  l i th ium f luo r ide ,  the  hea t  had t o  be supplied on the  e x t e r i o r  
(convoluted) surface.  The hea t  source i t s e l f  could not be located i n  c lose  
proximity t o  the  capsule,  s ince  t h i s  t oo  would i n t e r f e r e  w i t h  impingement 
of environmental gases  on the  capsule surface.  F ina l ly ,  t he  ma te r i a l s  of 
cons t ruc t ion  had t o  be compatible w i t h  opera t ion  both i n  a i r  and i n  high 
vacuum. The only feasible hea t ing  system seemed t o  be one i n  which a rad ian t  
heat  source was located some d is tance  from the  capsule  surface,  and the  
heat  energy was d i rec ted  a t  the  capsule by means of a s u i t a b l e  system of 
r e f l e c t o r s ,  
(Is3 Harrison, R. W. and Hendrixson, W. H., "Corrosion Tests  of Lithium 
Fluoride i n  Contact with Columbium Alloys, Topical Report P I ,  
NASA Contract NAS 3-8523, 6ESP-436, January 1970. 
1 1  
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A. To ta l  Heat Flux Requirements 
The very complicated geometry of t h e  capsule and proposed hea t ing  
sys t em prevented a r igorous  thermal a n a l y s i s  of t h e  system. The maximum 
t o t a l  hea t  f l u x  t o  t h e  capsule  was thus  ca l cu la t ed  us ing  s e v e r a l  s impl i -  
fy ing  assumptions. The t o t a l  i nc iden t  hea t  f l u x  must be s u f f i c i e n t  t o  
supply t h e  following hea t  losses :  
1. Radiant l o s s  from t h e  capsule;  
2. Power requi red  to  r a i s e  t h e  temperature of t h e  LiF charge from 
1500' t o  1700'F i n  one hour; 
3 ,  Heat l o s s  t o  t h e  cool ing  a i r ;  
4. Radiant power r e f l e c t e d  from t h e  capsule.  
The r a d i a n t  l o s s  from t h e  capsule  i s  assumed t o  be equiva len t  t o  t h a t  from 
a cy l inde r  3.25 inches OD and 10 inches long, surrounded by a completely 
absorbing sur face .  The t o t a l  hemispherical  emittance was taken t o  be 
0.86. The r ad ian t  l o s s  from t h e  capsule,  wi th  t h e s e  assumptions, is  4510 
wat t s  a t  1500'F (816'C) and 6660 wa t t s  a t  1700'F (927'C). 
The power required t o  inc rease  t h e  temperature of t h e  LiF from 1500' 
t o  1700'F i n  one hour was ca l cu la t ed  assuming a charge of 1040 gm and t h a t  
t h e  power t o  the  LiF was cons tan t  dur ing  t h e  period. The r e s u l t  was 380 
wat t s .  
The hea t  l o s s  t o  t h e  cooling a i r  was estimated from previous bellows 
Steady s t a t e  temperature measure- capsule tests performed a t  GE-NSP. 
ments with and without cooling a i r  gave 426 w a t t s  heat l o s s  a t  1500'F and 
an estimated 1000 wa t t s  hea t  l o s s  a t  1700'F. 
(18) 
The r a d i a n t  power r e f l e c t e d  from t h e  capsule  i s  obtained by assuming 
a t o t a l  a b s o r p t i v i t y  of 0.86; t h a t  is ,  14 percent of t he  t o t a l  inc ident  
power i s  r e f l e c t e d .  The t o t a l  i nc iden t  r ad ian t  power required i s  t h e  
summation of t h e  fou r  l o s s e s  ca l cu la t ed  a s  described above. These ca l -  
cu la ted  va lues  a r e  shown i n  Figure 28 along wi th  t h e  t o t a l  i nc iden t  power 
required between 1500' and 1700'F. I t  should be noted t h a t  t h e  va lue  f o r  
the  power required t o  r a i s e  t h e  LiF temperature from 1500'F t o  1700'F i s  
not  a c t u a l l y  a hea t  l o s s  but is  regained a s  t h e  capsule  temperature i s  
lowered e 
Based on t h e  ca l cu la t ed  t o t a l  hea t  f l u x  requirements and t h e  add i t iona l  
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requirement t h a t  t he  hea t ing  system be i n e r t  with respec t  t o  the  chamber 
atmosphere, a GE-NSP Engineering Spec i f ica t ion  was prepared (Spec, No .  
02-0209-00-4, "Tungsten Quartz Lamp Heater Assembly f o r  Ultrahigh-Vacuum 
Service") e 
B .  Fabricat ion and Acceptance T e s t  of Capsule Heating System 
The e n t i r e  hea te r  assembly t o  meet the  requirements of Spec i f ica t ion  
No.  02-0209-00-A was designed, f ab r i ca t ed ,  and tested a t  Heat Technology 
Laboratory, Inc. ,  Huntsvi l le ,  Alabama. The h e a t e r  assembly i s  shown i n  
Figure 29. The system cons i s t s  of f i f t e e n  GE Model 1600T3/Vl3 quar tz  
lamps held i n  the  v e r t i c a l  pos i t i on  to  form a c y l i n d r i c a l  array around the  
test capsule.  Each lamp has an ind iv idua l  r e f l e c t o r  t h a t  can be adjusted 
t o  d i r e c t  t h e  rad ian t  energy from the  lamp toward the  l i th ium f l u o r i d e  
capsule. The lamp r e f l e c t o r s  a r e  made of extruded aluminum wi th  a highly 
polished, hand-buffed r e f l e c t i v e  surface.  The r e f l e c t o r  shape i s  a 
modified parabola e spec ia l ly  designed f o r  t h i s  app l i ca t ion  by Heat Tech- 
nology Laboratory. The lamp sockets,  mounting bracket,  screws, and o ther  
p a r t s  of t h e  lamp r e f l e c t o r  a re  f ab r i ca t ed  from aluminum, A l l  e l e c t r i c a l  
connectors a re  nickel-plated copper and a l l  e l e c t r i c a l  i n s u l a t o r s  a re  
99.5 percent alumina. The type 304 s t a i n l e s s  s t e e l  frame i s  made i n  th ree  
equal s ec t ions  t o  allow t h e  e n t i r e  u n i t  t o  be assembled around t h e  t e s t  
capsule f o r  ease i n  instrumentat ion and inspec t ion  of t h e  t e s t  specimen. 
Four mounting lugs a r e  attached t o  the  frame for  mounting the  h e a t e r  
assembly i n  the  vacuum chamber. 
The hea te r  assembly i s  designed t o  d e l i v e r  a t o t a l  ne t  power of 
10 kw, inc ident  upon the  capsule,  with a uniform a x i a l  hea t  f l u x  t h a t  
does not vary by more than 10 percent of t he  average inc ident  f l u x  along 
the  length of the  capsule.  The m a x i m u m  t o t a l  ra ted  power t o  the  lamps 
i s  24 kw. 
After  f a b r i c a t i o n  of t h e  capsule hea t ing  system, i n i t i a l  tests of 
t he  system w e r e  performed by the  vendor. Due t o  t he  lack of adequate 
vacuum f a c i l i t i e s ,  the  tests were made i n  ambient a i r ,  The purpose of 
the  tests was t o  determine t h e  uniformity of heat  f l u x  from t h e  quartz  
lamp hea te r  assembly both along t h e  v e r t i c a l  a x i s  and i n  severa l  r a d i a l  
d i r ec t ions ,  and t o  determine the  t o t a l  hea t  f l u x  a t  r a t ed  lamp power. 
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Measurements were made with an HTL Model GT80 hea t  f l u x  t ransducer  with 
accuracy of 5 3 percent a t  80 Btu pe r  f t  -see, The t ransducer  was 
posi t ioned ho r i zon ta l ly  and f l u s h  with t h e  ou te r  su r f ace  of a 1.25-inch- 
OD copper tube. The t ransducer  and tube were cooled by water flow of 
0.7 ga l lon  per  minute, 
2 
The tube and t ransducer  were mounted so t h a t  they could be moved 
t o  d i f f e r e n t  v e r t i c a l  pos i t i ons  within 5 inches of t h e  cen te r  l i n e  of 
t h e  lamp assembly, and a l s o  ro ta ted  t o  f ace  i n  d i f f e r e n t  r a d i a l  d i r ec t ions .  
Heat f l u x  measurements were made a t  f i v e  d i f f e r e n t  l oca t ions  along t h e  
ax i s  of the  assembly a s  shown i n  Figure 30, and a t  four  d i f f e r e n t  r a d i a l  
d i r ec t ions  a s  shown i n  Figure 31 f o r  a t o t a l  of twenty t e s t  po in ts .  
The measurements were made with the  lamps operated a t  ra ted  vol tage 
(240 v o l t s ) .  Resul t s  of the  tests are  shown i n  Table X I I .  These da t a  
show exce l l en t  uniformity i n  both the  r a d i a l  and a x i a l  d i r e c t i o n  with 
the  minimum measured f l u x  being 3.8 percent  lower than the  average value 
and t h e  maximum being 5.8 percent higher  than t h e  average. 
Assuming uniform heat  f l u x  a t  t he  average value of Table X I I ,  t he  
inc ident  hea t  f l u x  on a c y l i n d r i c a l  sur face  3.25 inches OD and 10 inches 
long would be 6.56 Btu pe r  second or 6.92 kw. This is  about 75 percent 
of t h e  estimated required value a t  1700'F. Due t o  t h e  p o s s i b i l i t y  t h a t  
addi t iona l  heat  f l u x  would be required,  measurements w e r e  made a t  HTL 
up t o  t w i c e  t he  ra ted  vol tage  of the  lamps. R e s u l t s  of t hese  tests are  
shown i n  Figure 32 where the  heat  f l u x  i s  p lo t t ed  aga ins t  applied vol tage 
between 150 and 440 v o l t s .  These da ta  show t h a t  t he  estimated required 
value (9.3 kw) of hea t  f l u x  inc ident  on a cylinder,  3.25 inches OD and 
10 inches long, can be obtained with 300 v o l t s  applied t o  the  lamps. 
C. Power Control Equipment f o r  Capsule Heating System 
The power con t ro l  c i r c u i t  was designed t o  provide f o r  e i ther  manual 
v a r i a t i o n  of e l e c t r i c  power t o  the  lamps, or f o r  automatic c y c l i c  con t ro l  
i n  accordance w i t h  t he  required v a r i a t i o n  i n  capsule  temperature. Power 
t o  t h e  system was var ied by means of three sa tu rab le  reac tors ,  one i n  
each phase of t h e  440-volt l i n e .  Power con t ro l  was provided by a cam- 
operated,  program-type set poin t  u n i t  opera t ing  off  a cont ro l  thermocouple 
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on the  apex of the  center  convolution on the  capsule ,  The bas ic  elements 
of t h e  power con t ro l  c i r c u i t  a r e  shown i n  Pigdre 33. This system i s  capable 
of providing 430 v o l t s  a t  approximately 80 amps t o  t h e  lamps i n  the  vacuum 
chamber. Control of t he  lamp power may be manual or automatic. I n  t h e  
automatic mode the  4-20 ma dc con t ro l  cur ren t  t o  t h e  magnetic ampl i f ie r  
i s  generated i n  a program-type set poin t  u n i t  (West Instrument Corp, 
Model JSBGF-S79), This device generates  an output s i g n a l  propor t iona l  t o  
the d i f fe rence  between the  s e t  po in t  temperature and a temperature 
d e r i v e d  from a thermocouple attached t o  the  test  specimen. The set poin t  
is  var ied automatical ly  by means of a cam which can be cut  t o  give the  
d e s i r e d  time-temperature r e l a t ionsh ip .  The cam makes one complete r o t a t i o n  
each 96 minutes. Both automatic and manual con t ro l  s i g n a l s  pass through 
a cur ren t  l i m i t  c i r c u i t  which can be adjusted t o  l i m i t  t h e  maximum out- 
put of t he  sa tu rab le  r eac to r  without tu rn ing  of f  t he  power or causing any 
s t e p  change i n  power l e v e l ,  Meters f o r  monitoring phase vol tages  and 
cu r ren t s  a r e  provided. Meters a r e  a l s o  provided t o  ind ica t e  con t ro l  c i r -  
c u i t  volFages and cu r ren t s ,  
De I n i t i a l  Operation of Capsule Heating System i n  Vacuum 
The capsule  was i n s t a l l e d  and instrumented i n  the  vacuum system and 
the  quartz  lamp hea t ing  sys t em placed i n  pos i t i on  surrounding t h e  capsule.  
Twenty thermocouples (W-3Re/W-25Re) were spot  welded t o  the  capsule  sur face .  
Figure 34 shows t h e  instrumented bellows capsule with one sec t ion  ( f i v e  
lamps) of t h e  hea t ing  system i n  pos i t i on ,  The supporting tubu la t ion  on 
the  capsule is  insu la ted  w i t h  Cb-1Zr f o i l ,  The e x i t  l i n e  f o r  the  capsule 
cooling a i r  is  v i s i b l e  a t  the  top  of t he  photograph. Thermocouples were 
a l s o  attached t o  the  aluminum r e f l e c t o r s .  
In  the  i n i t i a l  vacuum operat ion of t he  capsule  heat ing system, i t  was 
found t h a t ,  w i t h  the  capsule  temperature a t  1200°F, the  temperature of t he  
r e f l e c t o r s  exceeded the  maximum recommended l e v e l  of 800'F. 
t o t a l  poilrer t o  the  lamps was 9.2 kw. The f a c t  t h a t  the  r e f l e c t o r s  apparently 
d i d  not reach such high temperatures i n  t h e  acceptance t e s t s ,  even though 
the  lamps were operated i n  excess of ra ted  power (24 kw), i s  due  t o  
The apparent 
convective cooling by ambient a i r  during the  acceptance tests,  I n  addi t ion,  
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during t h e  vacuum tests, t h e  bellows capsule  ope ra t ing  a t  high tempera- 
t u r e  was an add i t iona l  hea t  source t o  t h e  r e f l e c t o r s ,  where, dur ing  t h e  
acceptance tests, the  r e f l e c t o r s  faced a water-cooled tube. 
I t  was thus apparent t h a t  some means of cool ing  t h e  r e f l e c t o r s  had 
t o  be employed f o r  vacuum opera t ion  of t h e  hea t ing  system a t  po-nrer l e v e l s  
exceeding 9 kw. Severa l  methods of cool ing  t h e  r e f l e c t o r s  w e r e  i n v e s t i -  
gated, inc luding  d i r e c t  water cooling and r a d i a t i v e  cooling by app l i ca t ion  
of high-emittance coa t ings  t o  t he  back of t he  r e f l e c t o r s  and t o  t h e  
vacuum cha-nber walls.  Water cooling was f i n a l l y  selected a s  t h e  m o s t  
pos i t i ve  so lu t ion  t o  t h e  problea.  
E. Modificatio3 of Capsule Heating System - 
Several methods of attachment of t h e  water cool ing  tubes  t o  t h e  
r e f l e c t o r s  were inves t iga t ed .  These methods included attachment by 
mechanical f a s t ene r s ,  brazing, and welding. Welding was se l ec t ed  a s  t h e  
bes t  means of providing good thermal contac t .  Carefu l  design of t h e  w e l d  
j o i n t  was e s s e n t i a l  t o  prevent excess ive  d i s t o r t i o n  of t h e  r e f l e c t o r  con- 
tour .  Aluminum tubes  (3003-H14 a l loy ) ,  0.50-inch-OD with 0.065-inch-wall, 
were recessed i n  c i r c u l a r  grooves, 0.19-inch-deep9 machined i n  each s i d e  
of each r e f l e c t o r .  Machined grooves, one on each s i d e  of each tube, pro- 
vided a p ro jec t ion  which was gas tungsten a r c  w e l d e d  t o  t h e  tube wal l .  
Tie aluminum tubes on ad jacent  r e f l e c t o r s  were interconnected by s t a i n -  
less s tee l  tub ing  loops wi th  Swagelok f i t t i n g s .  Figure 35 shows the  
completed water-cooled heater assembly m~un ted  i n  t h e  vacuum chamber wi th  
t h e  instrumented bellows capsule  i n  pos i t i on .  
I n i t i a l  vacuum thermal tests w i t h  t h e  water-cooled r eP lec to r  system 
were made by measuring t h e  capsule temperatures obtained w i t h  var ious  
values of apparent e lec t r ica l  pawer input  t o  t h e  lamp sys tem.  I n  Figure 
36, t h e  t o t a l  lamp system power input  is  p l o t t e d  aga ins t  t h e  f o u r t h  power 
of t h e  capsule temperature. This temperature is  measured a t  t h e  apex 
of t h e  convolution near  t h e  cen te r  of t h e  capsule.  Ext rapola t ing  these 
d a t a  t o  t he  maximum required capsule temperature of 1700'F (927'C), t h e  
lamp system pDwer requi red  would be about 37 kw or approximately 1.5 
times t h e  r a t ed  va lue  (24 kw) of t he  system. S imi l a r  da t a  obtained 
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during the  tests with uncooled r e f l e c t o r s  indicated t h a t  1700°F (927OC) 
could be obtained with 24 kw applied t o  t h e  lamps, I t  i s  thus  apparent 
t h a t ,  with uncooled r e f l e c t o r s ,  a s i g n i f i c a n t  po r t ion  of t h e  t o t a l  hea t  
f l u x  t o  the  capsule r e su l t ed  from d i r e c t  r ad ia t ion  from the  hot r e f l e c t o r s  
t o  the  capsule.  This energy was not ava i l ab le  when t h e  r e f l e c t o r  tempera- 
t u r e  was reduced by water cooling. 
I t  was expected t h a t  t he  l i f e  of t h e  lamps would be s i g n i f i c a n t l y  
reduced by opera t ing  a t  power l e v e l s  much above t h e  ra ted  value. Several  
attempts were thus made t o  increase  the  f r a c t i o n  of e m i t t e d  heat f l u x  
t h a t  was inc ident  on the  capsule,  T h i s  involved placement of add i t iona l  
r e f l e c t i n g  sur faces  i n  such pos i t i ons  a s  t o  d i r e c t  t h e  r ad ia t ion  toward 
the  capsule. Tnese at tempts  general ly  r e s u l t e d  i n  no appreciable  increase  
i n  heat  f lux .  
After  i t  had been determimd t h a t  no s i g n i f i c a n t  increase  i n  t o t a l  
heat  f l u x  could be obtained by simple geometr ical  changes or by i n s e r t i o n  
of add i t iona l  r e f l e c t i n g  surfaces ,  the  capsule  was temperature-cycled 
seve ra l  t i m e s  using the  programmed temperature c o n t r o l  c i r c u i t ,  and per- 
n i t t ing  lamp vol tage considerably i n  excess  of t he  r a t ed  value. For these  
tests, the  programmer was adjusted t o  provide a l i n e a r  temperature increase  
from 1509OF (816'C) t o  1700'F (927OC) i n  60 minutes followed by a l i n e a r  
temperature decrease from 1700' t o  1500°F i n  36 minutes. 
l imi t ing  c i r c u i t  was adjusted t o  l i m i t  t h e  plower t o  t h e  lamps t o  t h e  value 
required t o  reach a capsule  temperature of 1700°F. 
tenpera ture  v a r i a t i o n s  such as  t h a t  shown i n  Figure 37 were obtained. Tne 
corresponding lamp vol tage as  a funct ion of t i m e  dur ing t h e  cycle i s  a l s o  
shown i n  Figure 37. The capsule temperature i s  obtained from a thermo- 
couple located on the  apex of one of t he  cen te r  convolutions on t h e  
capsule.  Tne capsule temperature and lamp vol tage increase  s t e a d i l y  
a t  the  beginning of t he  cycle  u n t i l  t h e  l i th ium f l u o r i d e  begins t o  m e l t .  
A t  t h i s  po in t  (about 1 2  minutes i n t o  the  cycle)  t h e  capsule temperature 
f a l l s  below the  programmed value but add i t iona l  pawer i s  not supplied 
t o  the  lamps s ince  t h e  maximum vol tage i s  l i m i t e d  i n  the  cont ro l  c i r c u i t .  
The lamp vol tage i s  thus held a t  i t s  maximum value u n t i l  t he  heatup 
The cur ren t  
Under these condi t ions,  
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Figure 37. Typical Temperature and Voltage P r o f i l e  During Thermal Cycling 
Tes t  of t h e  Lithium Fluor ide  F i l l e d  Bellows Capsule. 
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par t ion  of t h e  cycle  i s  completed. 
the  capsule teapera ture  and lamp vol tage s t e a d i l y  decrease u n t i l  the 
l i th ium f luo r ide  beging t o  f reeze .  A t  t h i s  po in t  (about 80 minutes i n t o  
the  cycle) t he  programmed temperature tends t o  be lower than the  capsule  
temperature and the  lamp vol tage required drops r ap id ly  u n t i l  f reez ing  
is  complete. A t  t h i s  po in t  the  lamp vol tage increases  somewhat i n  order  
t o  maintain the  required cooling r a t e .  The capsule  temperature was cycled 
seve ra l  times t o  deterinine t h a t  adequate temperature con t ro l  w a s  maintained 
by the  automatic con t ro l  c i r c u i t .  During t h i s  period ind ica t ions  of 
malfunction i n  the  hea t ing  system were observed. 
On the decreasing por t ion  of t h e  cycle,  
Following these  tests, t h e  chamber w a s  opened i n  order t o  determine 
the  cause of t he  apparent malfunction. One quartz  lamp envelope was 
found completely sha t t e red ,  Rather severe d i s t o r t i o n  of a l l  lamp envelopes 
was noted. Several  of t h e  lamps a r e  shown i n  Figure 38 along w i t h  a new 
lampfor comparison p u r p x e s .  The mica spacers  which cen te r  and support  t h e  
f i lament  may be noted on t h e  broken lamp. The envelope has a tendency 
t o  melt through i n  the  v i c i n i t y  of these  spacers .  
I t  was obvious from the r e s u l t s  of t hese  tests t h a t  operat ion of the  
lamps a t  380 v o l t s  i n  vacuum caused sof ten ing  of t he  quartz  and d i s t o r t i o n  
of the  envelope and t h a t  lamp f a i l u r e  could be expected a f t e r  but a few 
hours of operat ion,  N o  test of any s i g n i f i c a n t  dura t ion  could thus  be 
performed under these  condi t ions.  
In conjunction with NASA Pro jec t  Management, a plan was formulated 
whereby the  bellows capsule  would have been contaminated i n  t h i s  f a c i l i t y  
u t i l i z i n g  the  capsule hea t ing  system under isothermal  condi t ions a t  about 
1503'F (816OC) with the  lamps operat ing near  t h e i r  r a t ed  vol tage.  
contaminated capsule would have then been cycled i n  a separa te  f a c i l i t y  
u t i l i z i n g  a d i f f e r e n t  hea t ing  system. This p lan  was not,  however, 
pursued due t o  a s h i f t  of emphasis on the  Solar  Heat Receiver Program. 
The 
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